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CHAPTER- I 
General Introduction 
  
From this state of unordered and fluctuating feelings, 
Generated by the perturbations of the first meetings, 
Atoms of consideration, attraction and admiration, 
Aggregate in the kinetic process called nucleation.   
Spinodal decomposition between the present and the past, 
Leading to small nuclei of love; But will they last? 
Under the classical and reasonable assumption, 
That after this preliminary period of incubation, 
The free energy of hearts decreases as loneliness ceases. 
And in the case where the surface energy of bodies; 
Provides enough attraction against any elastic constraint,  
Even coarsening won’t make their growth faint. 
And these initial nuclei will, from their critical point. 
Build a stronger and stronger love, that’s the point. 
Gilles Benoit (2002)   
Systematic study of the growth and properties of crystals is covered 
under the subject of crystal growth. It is a subject of multidisciplinary nature. 
The growth of crystals occurs either in nature or artificially in laboratory. The 
Mother Nature grows a variety of crystals in the crust of Earth, which are the 
natural mineral crystals and often considered as precious stones. However, 
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the demand of the modern day science and technology has tempted scientists 
to synthesize and grow several new varieties of crystals. This has brought the 
field of Crystal Growth into the limelight. As a result the congeries of crystals 
is ever expanding day by day. 
Various technological developments depend on the availability of 
suitable single crystals having applications such as in harmonic frequency 
generators, acoustic-optic modulators, phase decay plates, polarizers, piezo-
electric devices, crystal X-ray monochromaters, holographic devices, 
membranes of Iron selective electrodes, substances for thin film, LASER 
devices, opto-electronics, semiconductor devices, magnetic devices, 
detection as well as data storage devices. Recently, another novel of crystals 
is reported. Single crystal of silicon-28 grown in the most purest and perfect 
form is to be polished in a perfect round shape balls to replace the present 
standard of kilogram.1 In spite of great technological advances the world is still 
at a developmental stage with respect to the growth of several important 
crystals.  
The growth of crystal occurs not only in the crust of Earth or in 
laboratory but also in a living body. Many crystals, particularly, bio-materials 
and proteins, cause various ailments and health related problems. The urinary 
stones are usually composed of either pure or mixed crystals of calcium 
oxalate, brushite, struvite, hydroxyapatite and carbonate apatite.2 
Arthropathies, i.e., bone and joint diseases, are caused by crystals such as 
hydroxyapatite, calcium pyrophosphate and monosodium urate monohydrate.3 
There are other crystals which play important role in various ailments, for 
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instance, f.c.c. type ferritin crystals in development of cataract4 and 
cholesterol crystals for cardiovascular diseases and gall stones.5 This bio-
crystallization occurring in human body causes suffering and it is not desirable 
to occur. This has been discussed in detail by the predecessors of the present 
author678. There are several micro-organisms which synthesize crystals, for 
example, magneto-tactic bacteria synthesizing magnetite9; chrysophytes10, 
diatoms and actinopoda synthesizing siliconous materials and S. layer 
bacteria synthesizing gypsum and calcium carbonate surface layers.11 Calcite 
crystals are found in mollusk shells12 and as a component in gall stones.13
The wide span of crystallization occurring from the Earth crust to living 
organism and finally in the laboratory, requires multidisciplinary and multi-
angle approach to study the phenomenon of crystal growth.      
The crystal growth requires emphasis on the following three aspects, 
(I) Theory of nucleation and growth, (II) Experimental crystal growth, and (III) 
Characterization of crystals. Schieber14 has well explained this in a schematic 
representation, which is shown in figure (1.1). 
Today, the growths of crystals do not remain the phenomena only 
occurring in nature, but have become well advanced as well as widely used 
laboratory techniques. There always has been a requirement of good quality 
crystals for various applications in science and technology; hence various 
growth techniques developed to grow suitable crystals. 
 
CHAPTER-I 
                       
Figure (1.1): Three aspects of crystal growth. 
 
The earlier crystal growth study was divided into two parts: (1) the 
study of the equilibrium between the crystal and surrounding medium and (2) 
the study of the kinetics of growth. Kossel model15 is one of the most 
fundamental models to explain the crystal growth with the help of progressing 
steps having kinks on the crystal surface. Volmer16 considered the process of 
growth of a crystal surface as comprising of three main steps: (1) a transport 
of molecules from vapour to the adsorbed layer, (2) the diffusion of adsorbed 
molecules towards the steps and (3) the diffusion of adsorbed molecules 
along the edge of the steps towards kinks, this is shown in figure (1.2).  
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Gibbs17 developed a consistent phenomenological treatment (thermo-dynamic 
treatment) of the equilibrium problem, which is still essential as an introduction 
to the study of crystal growth by using analogy of liquid drop in a mist. Gibbs17 
and also Burton, Cabrera and Frank18 investigated the conditions for 
nucleation and the requirements of critical nucleus for the further growth. 
Turnbull19 proposed that the free energy of formation of a critical nucleus can 
be catalyzed by a suitable surface in contact with nucleus, which is known as 
a heterogeneous nucleation. Later on, Frank20 and Burton21 proposed the 
importance of dislocation, particularly screw dislocation, in crystals growth. 
Figure (1.3) shows the growth spiral development at screw dislocation on 
crystalline face. The poem by Gilles Benoit in the beginning of this chapter 
describes nicely the role of nucleation and free energy of formation and the 
critical size of nucleus in crystal growth. Verma22 has given a detailed account 
of the basic crystal growth theories. 
 
   (a)       (b) 
Figure (1.2): (a) Step on a perfect crystalline surface, (b) Step 
with kinks and vacancies 
 
 
                                                                                           General introduction 
5 
CHAPTER-I 
 
Figure (1.3): Growth spiral 
 
The world crystal production has been estimated more than 20,000 
tones per year. Out of that the largest share of about 60% is from 
semiconductor materials, for instance, silicon, gallium arsenide, indium 
phosphide, gallium phosphide, cadmium telluride, etc.            
  
Figure (1.4): Estimated shares of world crystal production in 1999 [1]. 
 
One can notice from the figure (1.4) that the optical crystals, scintillator 
crystals and acousto-optic crystals have about equal shares of 10% each. 
However, laser and nonlinear optical crystals and for jewelry and watch 
industry shares only a few per cent. This has been reviewed by Scheel.23 
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Moreover, Santhana Raghavan and Ramasamy24 have reviewed the recent 
trends in crystal growth technology in terms of the world wide production of 
different technologically important crystals. As per one survey, the North 
American market of piezo-electric crystals and devices was estimated $ 1.15 
billion in 2001. It was, further, expected to grow $1.86 billion by 2006 at an 
Annual Average Growth Rate (AARG) of 10%. Piezo-electric quartz crystal 
devices, notwithstanding, comprises largest market segment due to the recent 
boom in the wireless and mobile technologies.25
The demand of piezoelectric crystals has reached 4.8 billion US Dollars 
(USD) and it is further expected to increase 6.91 billion USD and nearly 750 
different manufacturing companies are involved in the supply.26 Silicon single 
crystals are generally grown for photovoltaic solar cells and silicon chips for 
device fabrications. In 2010 nearly 50,000 ton solar grade silicon is required 
for photovoltaic solar cell production.27,28 The global silicon single crystal 
production is 10,000 tons per year.28 Similarly, production of semiconducting 
III-IV (GaAs, GaP, InP, etc) single crystals, whose total cost exceeds 300 
million USD is a dynamically developing bunch of world electronic industry. In 
Asian countries, particularly, in China the growth of semiconductor market is 
so high that it can be positioned next to USA in 2010. As per one survey 
conducted by agency Frost and Sullivan, total market of semiconductor in 
India during 2006 remained 2.69 billion USD.29 There is also a great demand 
for single crystal substrates, for example, sapphire single crystal substrates 
are used in LED and its demand has reached 4.2 billion USD worldwide.30 
However, there are still large number of crystals awaits for large commercial 
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applications, for instance, tartrate compound crystals. Notwithstanding, some 
applications of tartrate compound crystals are discussed in the end of this 
chapter.  
The development and refinement of methods and of crystal growth 
processes to achieve useful products have relied heavily on empirical 
engineering and on trial and error method. Crystal growth still remains by and 
large an art rather than science, which has prompted Gilman31 to select the 
title of his famous book, “The Arts and Science of Growing Crystals”. The 
classification schemes for various growth techniques are summarized in Table 
(1.1) by Laudise.32
Crystal growth is involved with control of phase change; therefore; one 
can define three basic categories of crystal growth processes.33
       Solid growth-  S  → S  processes involving solid-solid phase transitions. 
       Melt growth-   L  → S  processes involving liquid-solid phase transitions. 
       Vapor growth-V  → S  processes involving gas-solid phase transitions. 
The designing and development of various crystal growth techniques of the 
present day is a result of continuous and fruitful modifications occurring since 
last several decades and, till today, the modifications in processes are 
continuing.  
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Table (1.1): Crystal Growth Methods. 
 
No.   Monocomponent Polycomponent 
A Solid-solid (solid growth) 
  1. Strain annealing 
  2. Devitrification 
  3. Polymorphic-phase change 
Solid-solid (solid growth) 
  1.Precipitation from solid solution 
B Liquid-solid (melt growth) 
  1. Conservative 
(a) Directional solidification 
(Bridgman-Stockbarger) 
(b) Cooled seed (Kyropoulos) 
(c) Pulling (Czochralski) 
  2. Non conservative 
(a) Zoning (horizontal, 
vertical, float zone, growth on 
a pedestal) 
(b) Verneuil (Flame fusion, 
plasma, arc image) 
 
Liquid-solid (melt growth) 
  1. Growth from solution (evaporation, 
      slow cooling and temperature  
      differential) 
(a)  Aqueous solvents 
(b)  Organic solvents 
(c)  Molten-salt solvents  
(d)  Solvents under hydrothermal 
conditions 
(e) Other organic solvents 
 2. Growth by reaction (media as         
       above-temperature change,    
        concentration change) 
       (a) Chemical reaction         
       (b) Electrochemical reaction 
C Gas-solid (vapor growth) 
  1. Sublimation-condensation 
  2. Sputtering 
Gas-solid (vapor growth) 
 1. Growth by reversible reaction    
    (temperature change, concentration  
     change) 
        (a) Van Arkel (hot wire processes) 
  2. Growth by irreversible reaction 
        (a) Epitaxial processes 
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Altogether, the modern as well as the next generation crystal growth 
requires multi-directional development in various fields and their 
interconnections, which has been described in a schematic representation in 
figure (1.5) by Prasad.34
 
                       Figure (1.5): Multi-dimensional needs of crystal growth. 
 
In fact, the crystal growth deals with a tremendous complexity of 
interdisciplinary nature. It has been postulated by Scheel35 that for a specific 
crystal of defined size and perfection, there is only one optimum and 
economic growth technology considering the thermodynamics, growth kinetics 
and economic factors. The crystal performance, the crystal size, the efficiency 
of growth method and the prize of crystals are correlated by him. However, 
practical work is needed in order to understand and appreciate the complexity 
of crystal growth process in view to involve phase transformations, of the 
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many parameters that have to be compromised and optimized, and in view of 
the scaling problems, which hampers realistic numerical. 
Crystal growth has been discussed by many authors in detail.22 36 37 
This has been correctly quoted in a different manner by Gilman31 in his edited 
book “The Arts and Science of Growing Crystals” as, 
“The Systematic production of artificial Crystals might be 
viewed as a new “agriculture” that has begun to flourish. It 
differs from true agriculture in that its products are mostly 
inorganic at present, but it has many features common with 
normal agriculture and promises to have a somewhat 
comparable effect on society. The new agriculture consists of 
“growing” solid crystals from a “nutrient” phase (gas, liquid or 
solid). To start the growth process, the nutrient is often 
“seeded” with small crystal to be grown, and some workers 
speak of “reaping the harvest” after a certain length of time”. 
 There are many well-written books available on subjects like 
fundamentals of crystal growth38; different crystal growth techniques and their 
theories, characterization, applications31 39 40 41 42 43 44 45 and understanding 
the Growth mechanism.46 Recently, a handbook of Crystal Growth is also 
published.47 Even book is available with wonderful photographs of grown 
crystals.48 Whereas, the authors Stangl and Stang49 in their book, entitled 
“Crystals and Crystal Gardens You can Grow”, have considered the growth of 
a variety of beautiful crystals as the growth of flowers in a garden which one 
can do, thereby, they have agreed to the concept of Gilman31 of “agriculture”. 
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Recently, two books have been published on crystal growth dealing with the 
progress in crystal growth. For the first time a complete survey of 
interdisciplinary fields of crystal growth, technologies and fabrication of crystal 
machining are claimed to be included.50 In another book, 50 years progress in 
crystal growth has been covered in various contributed articles by the crystal 
growth pioneers.51
The present thesis deals with the growth of tartrate crystals by gel 
technique; hence details of the gel technique are discussed hereby. The 
subject of crystal growth in gels is not new. Indeed, it has enjoyed at least two 
long periods of popularity, one during the second half of 1800 and second 
roughly during the period 1913-1926 when the famous “Liesegang Rings” 
formed the main subject of interest, for example, the work of Liesegang,52 
Bradford53 and Holmes.54 These intriguing and often beautiful periodic 
structures are frequently observed in nature and easily reproduced in 
laboratory. This has attracted the attention of well known German Chemist 
Ostwald55 and Lord Rayleigh.56
 Larger crystals, several mm in size, were occasionally obtained but not 
systematically looked for. In contrast, the growth of such crystals is the 
principal objective of all the modern work in this field. An early claim made by 
Fisher and Simons57 to the effect that “gels form an excellent media for the 
growth of crystals of almost any substance, under absolutely controlled 
conditions”. 
 The experiments during the early period derived a good deal of 
impetus from the interests of geologists, who believed that all the quartz on 
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the Earth was at one time a silica hydrogel. Moreover, some early 
experiments were on record quoted by Eitel,58 according to which the 
microscopic silica crystals has been obtained from silica gels in the presence 
of various “crystallizing agents”, when heated under water vapor pressure. 
Quite plausibly then, crystalline foreign deposits found in quartz may be 
examples of crystal growth in gel. In this way the method appeared to offer 
systems and opportunities for experiments in “instant geology”.59
 There are good review articles and detailed reports on gel growth 
technique by Henisch et al60 and Patel and Rao61. Moreover, it has been 
explained and discussed very well by Henisch62 in his famous book. The 
predecessors of the present author have discussed this technique in detail.8 63 
64 65  
 Even today the gel growth technique continues to attract various 
researchers. The gel growth is quite simple but an important technique, still it 
incorporates the arts and since of crystal growth. Nowadays, this technique is 
employed, for various reasons, to grow crystals of different interest and 
applications. Various methods of gel growth, its advantages and 
disadvantages and the reported growth of important crystals with their 
references are discussed in Chapter-II. 
 
Significance of the Present Study  
Several tartrate compounds deserve special attention due to their 
medical and pharmaceutical applications. For example, injections of Na- Cr 
tartrate, Na-Fe (III) tartrate and K-Cr tartrate increase the susceptibility of 
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transplanted sarcoma to the effects of X-rays.66 Tartrate salt compound is 
used in the treatment of prevention of cognitive disorders associated with 
diabetes;67 treating prostate cancer with tartrate ions68 and using tartrates in 
treatment of herpes.69 Iron tartrate complex ions play important roles as 
contrast blocks of renal tissues prior to their dehydration70. Iron tartrate is one 
of the prominent species in apple juice71. 
In wine industry certain tartrate compounds find applications and 
presence of certain compounds are unwanted, such as iron-tartrate is used as 
catalyst in champagne manufacture72 and the formation of potassium 
hydrogen tartrate crystals in wine bottles is unwanted and efforts are made to 
avoid it by a trap process or by influence of external electric field73. 
 There are certain tartrate compounds find applications in cosmetics. 
Diacetyl tartrate of fatty acid glycerides is used as hair conditioner additive.74 
The synergist effect of tartaric acid for zinc ion in cosmetics has been 
reported.75 Also, the tanning action of iron-tartrate to tan skin has been 
reported.76 A comparative study of calciphylatic responses of various iron-
tartrate compounds to prevent anemia in animals has been carried out.77 
Copper tartrate has shown in vitro to stimulate Luteinizing hormone. Clomitrol 
is the drug used to add a specific type of copper to the testosterone regulating 
mineral complex.  
There are also other numerous applications of compounds of tartaric 
acid in science and technology,78  for example, ferroelectric applications of 
sodium- potassium tartrate79 and calcium tartrate,80 ferroelectric-ferroelastic 
applications of sodium ammonium tartrate,81 and dielectric applications of 
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lithium thiallate tartrate.82 Some tartrate compounds are used in military 
applications. Strontium tartrate is used in the tracer compound in ammunition 
units.83 Manganese tartrate crystals being temperature sensitive can be used 
to sense and measure the temperature. A wax pencil is developed to sense 
the surface temperature of heated substance in terms of change in the 
coloration upon contact. The change in coloration of these crystals occurs at 
410 °C from pink to black. The coloration change is almost instantaneous and 
occurring within 1 to 2 seconds. Gvozdov and Erunov84 have described this 
method.  The effect of light on copper tartrate has been examined.85
There are certain industrial applications of different tartrate 
compounds. Zinc tartrate with other compounds form a bright coating and 
protecting powder for metals,86 use of antimony tartrate corrosion inhibitive 
composition for coolant systems,87 tartrate-based light stabilizers for 
plastics.88 Calcium tartrate crystals show many interesting properties such as 
ferroelectric, dielectric, optical and thermal properties.89
 Various important applications of different tartrate compounds have led 
the present author to grow manganese-iron (Mn-Fe), manganese-iron-nickel 
(Mn-Fe-Ni), manganese-iron-cobalt (Mn-Fe-Co) and manganese-copper (Mn-
Cu) tartrate crystals by the gel technique. Earlier, in the present author’s 
laboratory iron (II) tartrate, iron-nickel tartrate, iron- cobalt tartrate63 
manganese tartrate90,91 and copper tartrate64 crystals were grown and 
characterized. The author wishes to grow manganese-iron (Mn-Fe), 
manganese-iron-nickel (Mn-Fe-Ni), manganese-iron-cobalt (Mn-Fe-Co) and 
manganese-copper (Mn-Cu) tartrate crystals and characterize them by 
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various techniques. The characterization of the grown crystals is expected to 
provide detailed knowledge of mixed tartrate crystals and perhaps their new 
applications. As far as the knowledge of the present author is concerned no 
reports are available in the literature on the growth of ternary metal tartrate 
compounds, however, as already mentioned the crystals of binary or mixed 
metal tartrate compound are well reported. As the end product in the 
thermogravimetry analysis of metal tartrate compounds is the respective oxide 
the author also wishes to study the calcined tartrate compounds. As the oxide 
compounds have important applications such as; complex oxides made from 
lithium and the transition metals are used to positive active materials 
particularly for lithium secondary batteries,92 oxides are chosen as catalysts, 
for example, Mo-Bi-Fe oxide is used to dehydrogenate propane93  and in 
conversion of saturated carboxylic acids, the oxides of Cd, Co, Cr, Cu, Fe, 
Mn, Ni, etc. are used in binary and ternary combinations,94 which are 
synthesized in various manners. The calcination of tartrate compounds may 
provide an alternative way to synthesize oxide compounds of desired metals. 
Therefore, the author aims to calcine certain metal tartrate compounds at 
750°C temperature for 60 minutes and study its structural properties by 
powder X-ray diffraction. The calcination temperature is selected from the 
thermogram data. The grown crystals are characterized by different 
techniques such as, powder X-ray diffraction (XRD), Energy Dispersive 
Analysis of X-ray (EDAX), thermogravimetric analysis (TGA) and estimations 
of different kinetic and thermodynamic parameters of dehydration, Fourier 
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Transform Infrared (FTIR) Spectroscopy, Mössbauer Spectroscopy, Vibrating 
Sample Magnetometer (VSM) and dielectric properties.  
 The aim of the present author is to structurally study crystals by powder 
XRD, obtain the elemental composition by EDAX, identify the active functional 
groups by FTIR spectroscopy, study the chemical and magnetic environment 
by Mössbauer spectroscopy; study the magnetic properties by VSM; study 
dielectric properties, dielectric loss, a.c. resistivity and conductivity at different 
frequency of applied field; study the thermal stability by TGA and, finally, the 
kinetic and thermodynamic mechanism of dehydration of samples.   
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A Brief Review of the Gel Growth Technique 
 
 
2.1 Introduction 
The growth of crystals from gel is the simplest technique under ambient 
conditions. This technique is well suited for the crystal growth of compounds, 
which are sparingly soluble and decomposed at fairly low temperatures. 
Crystal growth by the gel technique has attracted attention of numerous 
researchers because it is comparatively simple. This can be set up in a 
laboratory with simple glasswares and without any need of sophisticated 
instruments and high temperature furnaces. By carefully selecting the gel 
density, pH of the reactants and the concentration of the reactants, good 
quality single crystals can be grown at room temperatures. 
 In the gel growth, interestingly, the gel acts as a "Three dimensional 
crucible" which supports the crystals, at the same time, yield to its growth 
without exerting major forces upon it. This relative freedom from constraint is 
believed to be an important factor in the achievement of high structural 
perfection. Because of this, sometimes, the growth of crystals in gels is 
considered as similar to the growth of embryo in a womb. The gel growth 
technique is elaborately described by Henisch1, Henisch et al2 as well as 
Patel and Rao.3 Also, the predecessors4567  of the present author have 
discussed the gel growth technique in details; therefore, an extensive 
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discussion is avoided here.  
 
2.2          Definition of the Gel State  
A gel has been defined as "a two-component system of a semi-solid nature 
rich in liquid"8. According to the colloid chemistry definition, gels have a semi-
solid consistency, and are stable in form, they are flexible, deform systems 
are produced by the interaction of a gel forming compound with the solvating 
medium. A characteristic property of gels is that they contain a conspicuously 
high percentage of solvent and little solid matter. The gel forming substances 
and solvating solvents stabilize each other in the gel structure and are the 
functional parts of one another. Gels may lose their solvent content during 
drying or dehydration and may pick up some spontaneously while swelling.                      
There are many examples related to the term "gels", the hard mineral 
agate which is likely to be originating  from a salicic acid gel has been 
considered as a gel; typical gels are formed if substances like rubber, gelatin, 
polystyrence and cellulose are allowed to swell through absorbing fluids, the 
original dry substance have also been classified as gels. Later on more 
attempts were made to classify gels. Hermans9 suggested the following 
properties for the gel system   
 (a) They are coherent colloid disperse systems of at least two components. 
(b) They exhibit mechanical properties which are characteristic of the solid 
state. 
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(c)  Both the dispersed component and the dispersion medium extent 
themselves continuously throughout the whole system. 
 Earlier, theories of gel structures were the micellar theory, the fibrillar 
theory, the solid solution theory and the dispersion theory, which are 
discussed in detail by Hermans.9
 Various types of gel have been described by various authors.10-11-12-13 
The predecessors of the present author have described in detail the types of 
gels,4-7 hence detailed discussion is avoided. 
 
2.3 Gel Structures  
Gel may be formed either from a solution or from a solid substance exhibiting 
swelling power. The latter is confined to macromolecular substances. 
 Two fundamental conditions must be fulfilled in order that a gel 
be formed from a solution. 
(i) A solid substance shall be separated from the solution in a finely 
dispersed "Colloidal state", and 
(ii) The separated solid particles shall neither be deposited by gravity nor 
remain in a colloidal suspension as freely moving kinetic units, but they 
shall join together to form a continuous coherent frame work throughout 
the mass of the solution. 
 From any processes, virtually capable of producing the separation of 
solid phase, either crystalline or amorphous, forms a solution or a gel 
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formation may result. Therefore, a condition of supersaturation caused either 
by a change of temperature, by evaporation, addition of another substance 
(non-solvent or salt) or by a chemical reaction occurs as the first step. 
Secondly, suitable condition allowing of the formation of continuous pattern or 
framework of colloidal fineness is required.  
 The structure of synthetic and semi-synthetic gels is generally 
dependent on the chemical preparation of the basic substances, the relative 
concentration of the reagents and the solubility conditions during gel 
formation. Since the gel structure is not a rigid system but a mobile one; more 
or less fixed, network of polymer chains, the terms used in practice are 
average or effective pore size. The reactions inducing cross-linkages are 
random processes governed by the laws of statistical probability. These 
processes cause voids of dimensions and geometry characteristic of the type 
of gel used to form the polymer chains. These voids are known as the pore 
size of the gel. The pore size is one of the most important parameters of the 
molecular phenomena. Pore sizes may be influenced by the conditions of 
manufacture, and the solubility relationship of the initial substances and the 
end product. 
 From the aspect of pore sizes, it is possible to distinguish two principal 
types of gel structures, that is, microrecticular (microporous) and 
macroreticular. The more uniform repetition of the cross links in microreticular 
gels produces smaller pores and renders the gel suitable for separation of 
smaller molecules. Micro-reticular gels are obtained if the solubility of the 
starting substances (monomers) and the end product do not differ greatly and 
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if the cross links assume the desired gel structure only gradually, for instance, 
by increasing the number of cross-links between polymer chains already 
fixed. 
The structure of the macro-reticular gels is rather heterogeneous, the 
spatial distribution of the matrix being uneven. Their large pores render them 
suitable for the permeation and separation of macromolecules.8
 However, various theories have been proposed to explain the structure 
of gels, these are : 
(1) Honey-comb theory 
(2) Martin-Fisher solvation theory 
(3) Zsigmondy's theory 
(4) Fibrillar theory 
(5) Von Wiemarn's theory 
(6) Thomas - Sibi theory 
 
2.4 Gelling Mechanism 
Gelling process can be achieved by either of the following methods. 
(i) By cooling of the colloidal solutions :  
  When the hot solutions of certain types of substances are cooled, they 
form gels, e.g. agar-agar and gelatin. Following factors are mainly 
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affecting the gelation of solution : 
 (a) Temperature of gelation. 
 (b) Time of gelation. 
 (c) Viscosity of the medium. 
        (d)      Minimum concentration of the substance at which the gelation 
take place. 
(ii) By double decomposition :  
  The gels of some sols are prepared by the process of double 
decomposition on adding water to sodium silicate; one gets a gel of 
silicic acid. 
(iii) By exchange of solvents: 
  Sometimes gelation may occur due to the exchange of solvent in which 
the solution is insoluble. 
(iv) By chemical reactions :  
  If one product of the reaction is insoluble and if the particles have a 
tendency to form linear aggregates, gels can be prepared by chemical 
reactions between concentrated solutions. 
(v) By coagulation or by decrease of solubility.  
Many gels can be prepared by the coagulation of colloidal solutions. The 
shape of the particles, concentration of the sol and degree of solvation are 
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playing an important role during this transformation.14  
The process of gelling takes an amount of time which can vary from 
minutes to many days, depending on the nature of the material, its 
temperature and history.15 This has been described and documented by 
Treadwell and Wieland for Silica gel.16
 The important factors that affect the formation of gels are as follows : 
(a) The character of the solid used. 
(b) Concentration 
(c) Temperature 
(d) Velocity of precipitation 
(e) Mechanical agitation 
(f) Presence of salts. 
(g) Presence of non-electrolytes. 
 
2.5 Structure of Silica Hydro-Gel 
Silica hydro-gel is the most favorite gel for the crystal growth experiments; 
hence the study of its gelling mechanism and gel structure carries 
considerable importance. When sodium meta-silicate goes into aqueous 
solution, mono-silicic acid is produced in accordance with the dynamic 
equilibrium, 
Na2SiO3+3H2O → H4SiO4+2NaOH 
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 This mono-silicic acid can polymerize with the liberation of water, 
 
This can occur repeatedly and a three dimensional network of Si-O 
links is established as silica hydro-gel. 
 
 As the polymerization process continues, water accumulates on top of 
the gel surface. This phenomenon is known as “Syneresis”. Much of the water 
has its origin in the above condensation process, and some may arise from 
purely mechanical factors connected with a small amount of gel shrinkage. 
The well-known stability of the silicon-oxygen bonds is responsible for the fact 
that the polymerization is largely irreversible.  
 The time required for gelation is very sensitive to pH. As the gelation is 
a gradual process, there is no unique definition for gelation time. It is known 
that two types of ions are produced during the gelation; H3SiO4- and H2SiO4-2, 
in relative amount which depends on the hydrogen ion concentration. The 
latter one, favored by high pH values, is in principle more reactive, but higher 
charge implies a greater degree of repulsions. The H3SiO4¯ is favored by 
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moderately low pH values and found to be responsible for initial formation for 
long chain polymerization products.17 Between these chains the cross-
linkages are formed in due course, and these contribute to the sharp increase 
of viscosity that signals the onset of gelation. Because of their low mobility, 
very long chains will cross-link more slowly than short chains. At very low pH 
values, the tendency towards polymerization is diminished and chain 
formation is slowed. Gelation time is strongly dependent on temperature.8 
This has been described in detail by Henisch.1
 A weak acid is generally preferred to adjust the pH values, because pH 
of the set gel changes only slightly with time, and secondly, the mineral acids 
tend to spoil the growing crystals.  It is noteworthy that in less acidic gel 
solutions the reaction between the acid and sodium meta-silicate occurs with 
liberation of hydroxyl ions and thus pH of the solution rapidly increases with 
the process of polymerization, while in highly acidic gel there is no change in 
pH except due to very little difference in dissociation of acids of different 
complexities, as well as requirements of reaction mechanism. Hence pH has 
profound influence on the gel structure.3
 
2.6 Gel Growth Methods 
Crystal growth in gel has been mainly divided into the following five different 
methods: 
1. Reaction Method. 
2. Chemical Reduction Method. 
3. Complex Decomplexion Method. 
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4. Solubility Reduction Method. 
5.  Electrolytic Method. 
 
2.6.1  Crystal Growth by Reaction 
Crystals which are insoluble or slightly soluble in water and decompose 
before reaching their melting points can be conveniently grown by this 
method. The basic requirements to grow single crystals by this method are,  
(1) The reactants used must be soluble in the solvent (usually water) and the 
product crystal must be relatively less soluble. 
(2) The gel must remain stable in the presence of the reacting solutions and 
must not react with these solutions or with the product formed. 
(3) Some solubility of the product crystal is needed in order to grow crystals of 
any size.18 
 Two aqueous solutions of soluble salts are suitably chosen and 
allowed to diffuse through the gel, so that there can be a slow and controlled 
segregation of ions and molecules resulting into the precipitation of an 
insoluble phase as the crystal. The gel affords to limit the number of critical 
size nuclei and decreases the rate of crystal growth either by controlling the 
diffusion of reacting ions or by governing the reaction velocity on the surfaces 
of the growing crystals. 
Resulting chemical reaction can be expressed as: 
AX + BY → AY + BX 
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where, A and B are the cations, X and Y are the anions. 
 This can be achieved by the test tube technique, in which one of the 
reactants is incorporated in the gel and the other reactant is diffused into it, or 
by the U-tube technique as shown in figure (2.1), in which the two reactants 
are allowed to react by diffusion into an essentially neutral gel.  
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  Figure (2.1): Crystal growth by reaction method 
 
2.6.2  Chemical Reduction Method 
This method is suitable for growing only metal crystals from gel media. 
Hatschek and Simons19 were the first to report the growth of gold crystals by 
adding 8 % oxalic acid solution over a set gel containing gold chloride 
solution. By this particular method crystals of Nickel, Cobalt, Selenium, Lead 
and Copper have been obtained. 
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2.6.3  Complex Decomplexion Method 
This method requires first forming a chemical complex of the material of the 
crystals to be grown with aqueous solutions of some suitable substance, 
called complexing agent, in which the former is homogeneously mixable and 
then providing externally a condition conducive to de-complexing or 
dissociation of the complex formed. A standard procedure adopted for 
decomplexion is to increase the dilution steadily, while complex solution is 
diffused through the gel. Crystal growth by this method was first attempted by 
O’ Connor et al20 for the growth of cupric halide crystals. 
2.6.4  Solubility Reduction Method 
 
Figure (2.2): Crystal growth by solubility reduction method 
In this method, the substance to be grown is dissolved in water and is 
incorporated with the gel forming solution. Then a solution, which reduces the 
solubility of the substance is added over the set gel to induce crystallization as 
in figure (2.2). For instance, potassium dihydrogen phosphate (KDP) crystals 
have been grown by adding ethyl alcohol over the gel containing a saturated 
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solution of KDP.21 Crystals are grown due to the reduction of solubility of KDP 
in the liquid phase by the diffusing alcohol. 
This method is applicable to grow single crystals of highly water-
soluble substances. The growth of ammonium dihydrogen phosphate (ADP) 
single crystals by this method has been first reported by Gloker and Soest.22
 
2.6.5  Electrolytic Method 
The electrolytic method can also be used for the growth of metallic crystals by 
selecting the gel medium for controlled growth. In this method a very low d.c. 
electric current, usually of the order of 2-10 mA, is passed through a silica gel 
charged with suitable acid or electrolytic solution. 
 
Figure (2.3): Crystal growth by electrolytic method 
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Details are given in figure (2.3).  It has been found that the pH of the 
gel medium, the concentration of the supernatant solution, the current density 
and the material used as electrode, have considerable influence on the habit 
of the crystals grown. Mohanan Pillai et al23 grew lead dendrites, while 
George and Vaidyan24 grew copper dendrites and silver dendrites and single 
crystals25 using the electrolytic technique. 
 
2.7 Modified Gel Growth Technique for the Micro-
crystal Growth 
The growth of micro-crystals is playing important role in various systems, 
including the human body. The modified gel growth method has been 
developed by Parekh et al26 for the growth of micro crystals. This technique is 
comparatively rapid, requires less amount of reactants and in situ 
observations of the growth are possible. In the experimental technique for 
micro-crystal growth, glass slides with cover slips and Petri dishes are used 
as the growth apparatus. The glass slides are arranged in the Petri dish in 
form of a plus sign, where the lower slide is used just for the support and the 
upper slide is used for the micro-crystal growth. To grow the micro-crystals in 
a silica gel medium, a sodium meta-silicate solution of desired specific gravity 
is mixed with weak acid so that appropriate pH could be set for the mixture. 
Thereafter, with help of suitable glass dropper a small drop of this mixture is 
put at the middle of glass slide. The cover slip is put on this drop of mixture in 
such a way that it floats on the mixture and covers almost the area of a cover 
slip size, without spillage beyond the cover slip. To assure that the gelling 
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process occurs properly without drying the solution, the slides are put in a 
Petri dish in such a way that water poured in the Petri dish does not touch the 
cover slip, but remains slightly below the upper surface of the slide. After 
setting the gel, water is sucked from the Petri dish with the help of suitable 
dropper. Thereafter, other solution of appropriate salt is added with dropper 
carefully so that it should cover the slide up to the cover slip. The poured 
solution diffuses through the gel and a reaction takes place between the weak 
acid impregnated in the gel and the salt solution poured afterwards and, 
subsequently, nucleation and growth of micro-crystals occurs within 24 hours.  
 
 
2.8 Growth Mechanism 
Even though crystals can be grown by using a variety of gels, it is found that 
silica gels are the best to grow good quality single crystals. As gels are neither 
liquid nor solid in nature there are only a few methods available for 
quantitative investigations. From the SEM observations of dried silica gels, it 
has been found that the gel consists of sheet- like structures of varying 
degrees of surface roughness and porosity, forming interconnected cells. 
Generally, the cell walls are curved. It has been estimated from the SEM 
pictures that the cell walls in dense gels (0.4 M Na2SiO3) have pores from 
0.1µ to 0.5µ and 0.1 µ to 4µ in low density (0.2M Na2SiO3) gels. The cell walls 
are thicker in dense gels. During gelling the pH has a profound influence on 
the gel structure, changes from a distinctly box like network to a structure 
consisting of loosely bound platelets which appear to lack cross- linkages and  
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the cellular nature becoming less distinct.27
 In the absence of convection, the only mechanism available for the 
supply of solute to the growing crystal is diffusion. One may envisage that the 
solute super-saturation φ∞ at large distances from the crystal remains 
unchanged during growth. However, at the crystal surface φ would initially 
have the same value but would then adjust itself in the course of growth to the 
lower value φ0. Hence this is determined by the dynamics of the growth 
processes.  
 For different idealized geometries, Frank28 has developed equations, 
which give a description of diffusion controlled growth rates. The growth rates 
calculated by Frank involve the “reduced radius” (S) which for spherical 
system is defined as r / (Dt)½, where ‘r’ is the radius of the crystal, ‘D’ is the 
diffusion constant and ‘t’ is the time. The theory presents a simple relation, 
φ∞ - φ0 = F (S) 
 By measuring ‘S’ and knowing the function ‘F’ the value of φ0 at any 
time could be determined. As long as ‘D’ does not alter, a constant value of ‘S’ 
implies a constant value of φ0.The constancy of ‘S’ can be checked by plotting 
r2 versus  t. 
 However, some limitations exist; one arising from the initial transient 
period during which steady–state concentration is established, and one 
arising from exhaustion of available solute. Both factors must be expected to 
give rise to nonlinearity. In general, there remains substantial uncertainty as to 
the effect of which the disruption of the gel structure has on the local value of 
‘D’. This also applies to the effect of pH changes, which occurs during growth. 
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This has been described for various crystals grown in detail by Henisch.1  
Cipanov et al29 have developed a mathematical model of crystal growth 
process in gels. Calculations suggest that there is a locality in a gel that 
provides the best condition for nucleation and growth of crystals. They have 
compared the model with experimental results. Moreover, theoretical aspects 
of the crystal growth in gel medium have been proposed by Desai and 
Hanchinal.30
 In growth systems, which depend on the diffusion of the reactant 
through a gel incorporating the other reagent, it has been found that the 
growth rate is more near the gel solution interface where the concentration 
gradients are high and away from the interface, the gradients are relatively 
low. Dislocation density is also different corresponding to the different growth 
rates. This further suggests that the growth rate itself determines the number 
of defects grown into the crystal even in the absence of foreign impurities. 
Occasionally, crystals grown in gels are found to have dislocation densities 
less than 103/cm2. The high degree of perfection of these crystals has been 
demonstrated by many authors.31,32
 In general, crystals growing in gel either displace the gel as they grow33 
or incorporate.34 In the case of gel displacing, cusp will be formed around the 
growing crystals, whereas in the other case, since the crystals incorporate the 
gel as they grow, final crystals turn turbid instead of being transparent. The 
cusps like cavities are the regions in which the gel has been split and 
separated from the growing faces. 
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2.9  Nucleation Control 
Even though gel helps in suppressing nucleation, crystals growing in a gel 
system compete with one another for the solute atoms. This competition limits 
their size and perfection. Therefore, it is obviously desirable to suppress 
nucleation so that only a few crystals are formed.  
 There are some methods which control nucleation in gels to some 
extent, which are :  
(1) Using suitable reactants. 
(2) Using gels prepared with various acids. 
(3) Changing the gel structure. 
(4) Using intermediate neutral gel 
(5) Concentration programming. 
 
2.10  Crystal Habit 
Crystals with various habits are important both commercially and also in 
studying their physical properties. In gel growth, crystals with various habits 
can be grown by changing concentration of feed solutions, crystallization 
temperature, adding impurities and using various types of gels. Moreover, in 
some cases various habits in different regions of gel are also observed. 
 Various factors are found to be affecting the habit of the grown crystals, 
which are discussed by several authors2,25,35363738394041 and summarized as 
follows: 
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• Effect of concentration of supernatant solution on habit 
• Effect of temperature on habit 
• Effect of gel structures on habit 
• Effect of types of gel on habit 
• Effect of different regions of gel on habit 
• Effect of light on habit 
• Effect of impurity or dopant on habit 
 
2.11  Spherulitic Crystals 
Spherulites were first observed by Bun and Alcock in a polymer system in 
194542, however, Price43 studied in detail about the kinetics of spherulitic 
formation. In most of crystal growth, after attaining a stable size a typical 
primary nucleus grows into a crystallite having a discrete crystallographic 
orientation. This continues to develop as a single crystal until it impinges 
either upon external boundaries or upon other similar crystallites advancing 
from neighboring nuclei. In certain systems, primary nuclei, are incapable of 
such a development and each one giving rise instead to a more complicated 
structure. It is with a radiating array of crystalline fibers, all having the same 
fiber axis. The fibers branching will be in such a way that the crystallographic 
orientation of a branch departs slightly, but appreciably from that of its parent 
fibers. It is a characteristic property of these particular systems that the 
primary nuclei initiate the formation of polycrystalline aggregates, which are 
more or less radially symmetric. The growths of these aggregates, which are 
called spherulites, occur naturally in silicate minerals and found in igneous 
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rock strata. Apart from this, artificial spherulites have been grown in organic 
and inorganic compounds. High polymers from melt exhibit spherulitic habit.44 
According to McCauley et al35 a spherulite is a crystalline spherical body, 
which is formed by the growth of radiating crystallites or a concentric banding, 
is a polycrystalline aggregate and not a single crystal. 
 Many materials can form spherulites under suitable conditions the main 
requirement is the high viscosity of the medium35. 
 Impurities may play a crucial role in promoting a fibrous habit in 
spherulitic crystallization, which has been suggested by Bernauer.45 His 
explanations are well adapted to cases where colloidal suspensions are 
involved. Impurities are present in appreciable concentration in almost all 
spherulite-forming melts. At any given temperature, the radial growth rates of 
spherulites decrease substantially with increasing impurity content.44
 Buckley46 suggested that impurity concentration in a crystalline phase 
might be one of the reasons for spherulitic crystallization. Spherulite forming 
minerals are multi-component system in which certain components are likely 
to be rejected preferentially by the crystals. If the crystallization can occur in 
the presence of another substance, the latter can be regarded as an impurity. 
Presence of quantities of free acid or alkali, which should make addition to the 
H+ or OH¯ ions concentration, does not seem to make any difference to the 
large majority of crystals. However, according to one point of view, H+ and 
OH¯ can be regarded as ever-present impurities in the strictest sense of term 
in aqueous solutions. Kurian and Ittyachen47 have grown spherulitic crystals of 
some alkaline earth molybdates (BaMoO4 and CaMoO4) under controlled 
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diffusion of reagents in silica gel media. They found that the pH value of 
media has predominant influence on crystallization. Also the effect of impurity 
and length of gel column found to be contributing much to the kinetics of 
growth. The authors acidified the gel by HNO3. They ultimately conjectured 
that the spherulitic crystallization of BaMoO4 in silica gel might be due to the 
presence of H+ ions in abundance. 
 Usually, the outer boundaries of spherulites are spherical, but some 
are irregular and oval in out line, especially, when they coalesce. The growth 
is constrained to 4π solid angle. The spherical structures of some of them 
have the appearance of onion-like partings at the surface. Sometimes 
spherulites nucleated in a slightly acidic medium are affected by a kind of 
dissolution and natural etching.47
Moreover, the mode of crystallization of the rare earth tartrates in gel 
has been discussed in detail by Raina.48 The three zones, where distinct 
mechanism of crystallization becomes operative, were discussed as follows: 
(1) The first zone is in the immediate vicinity of the gel –reactant interface 
(zone –A), where the upper (corresponding rare earth nitrate) and the lower 
(tartaric acid in gel) reactants come in immediate contact. As a consequence 
of instantaneous reaction between the two reactants there is a rapid formation 
of a crust. The crust is observed to be a highly polycrystalline aggregate, gel 
having very little role to play in controlling the diffusion of the respective ions. 
(2) The second operative mechanism is the crystallization of the rare earth 
tartrates out of their precipitate. The precipitate initially develops at the gel-
reactant interface, grows with the passage of time over a few days and 
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advances into the gel column. The advancement of the precipitate ceases 
after it attains some particular thickness. The precipitate zone at this stage is 
shown as zone BC in figure (2.4). The rate of advancement and the ultimate 
thickness of the colloidal precipitate depend on the concentration of the upper 
reactant. 
 
Figure: (2.4) 
 
(3)The third mechanism, by which crystallization of the rare earth tartrates 
become operative is into play in the zone CD, figure(2.4), which is at the 
bottom of the crystallizer. As it is indicated by the figure, only normal 
spherulites (without spikes) grow in this zone. This is unlike the precipitate 
zone where some of the spherulites develop spikes at a later stage of their 
growth. This mode of crystallization is thus in the clear zone of the gel column 
below the precipitate zone.  
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 The spherulitic crystals of iron (II) tartrate, iron (II) - cobalt mixed 
tartrate and iron(II)-nickel mixed tartrate have been grown by Joseph.4 The 
present author has obtained spherulitic crystals of iron-manganese-cobalt and 
iron-manganese-nickel ternary levo tartrate systems and discussed in 
chapter-V. 
 
2.12  Liesegang Rings  
Liesegang ring phenomenon is another interesting phenomenon in gel growth. 
The first interesting study of a periodic structure was made by Liesegang in 
1896.49,50 He covered a glass plate with a layer of gelatin impregnated with 
potassium chromate and added a small drop of silver nitrate. As a result, 
silver chromate was precipitated in the form of a series of concentric rings; 
well develop with regularly varying spacing. These types of fascinating 
formations are called as Liesegang rings.     
 Several workers have observed that, in many cases, the space 
between the rings contains a considerable amount of precipitate. Often the 
rings contain a large number of small particles and the intervening spaces 
contain a small number of large particles. Hatschek51 had reported very 
interesting case of a cadmium sulphide precipitates in silicic acid gel, where 
the precipitates consisted of alternate pink and yellow bands with the 
difference in the size of particles. Dhar and Chatterji52 had recognized that a 
layer of precipitates was followed by a clear zone in some structures and by a 
zone of differently dispersed precipitates in others. More recently, Joseph and 
Joshi53 have reported Liesegang ring structure during growth of calcium 
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hydrogen phosphate dehydrate crystal growth and studied various parameters 
affecting the structure.   
 
2.13  Tartrate Compound Crystals Grown by Gel Method 
Numerous workers have grown various tartrate compound crystals by the gel 
growth technique. It is a tedious and laborious task to cover the entire list of 
crystals; nevertheless, some important crystals, grown for special interest and 
applications, are reported hereby. 
 Compounds of tartaric acid find various applications in science and 
technology.54 Different tartrates have been grown and characterized by 
several authors, for example; characterization and thermal behavior of 
gadolinium tartrate;55 growth of spherulitic, dendritic and single crystals of 
hydrated lanthanum tartrate;56 dentritic and single crystals of lead tartrate;57 
growth of yttrium and samarium tartrate;58 growth of praseodymium tartrate;59 
growth of ammonium hydrogen tartrate;60,61growth of potassium hydrogen 
tartrate single crystals in ion-exchanged silica gel;62 growth and thermal and 
FTIR studies of sodium-potassium tartrate;63 growth of strontium tartrate 
tetrahydrated single crystal64; growth of calcium tartrate single crystals and 
their thermal and IR properties65- -66 67; thermal properties68 and FTIR and 
magnetic properties69 of manganese tartrate; growth and FT-IR study of zinc 
tartrate;70 growth, FT-IR and thermal study of iron-tartrate;71,72 cadmium 
tartrate73  and zinc tartrate;74 recently, the growth behaviors and 
characterizations of copper dextro tartrate and copper levo tartrate crystals 
have been compared6 and marked difference was observed. 
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 Many tartrate compounds have exhibited novel properties, which has 
lead to several applications, for example, ferroelectric properties of calcium 
tartrate75 and rubidium hydrogen tartrate,76 electrical and thermal studies of 
ammonium hydrogen tartrate77 and thermal expansion and phase transition in 
sodium potassium tartrate tetra hydrate.78  
 Moreover, attempts have been made to grow and characterize mixed 
tartrate of different compounds crystals by several researchers, for instance; 
growth and characterization of iron(II)-cobalt levo tartrate and iron(II)-nickel 
levo tartrate,4  iron-manganese tartrate,79 calcium-strontium levo tartrate80 and 
manganese-strontium levo tartrate.81 To best of the present author’s 
knowledge no attempt is made to grow crystals of ternary compounds of 
tartrate, which has been discussed in detail in chapter-V of the present thesis.   
 Doped crystals can also be grown successfully by gel technique. 
Strontium tartrate tetrahydrate doped with vanadyl,82 nickel,83 and cadmium84 
has been grown. Whereas, for calcium tartrates a variety of dopants have 
been used, such as, Ni, Co, Cr, Fe, Sr and Nd. Several authors reported the 
growth of many doped crystals by gel method.41, - -85 86 87 Interestingly, it has 
been proved that gel method is suitable to grow mixed crystals. Patel and 
Arora88- -  89 90 and Wiktorowska et al91 reported the growth of mixed strontium-
calcium tartrate crystals in silica gel. Kotru and Raina92,93 have grown mixed 
rare earth tartrate crystals. Parikh80 has grown mixed calcium strontium levo 
tartrate crystal and Joseph4 has grown Ca-Sr dextro tartrate crystal by 
incorporating optically sensitive levo and dextro tartaric acid with silica gel. 
 Recently, the dielectric properties of zinc tartrate is studied by Dabhi et 
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al,94 they observed the ferroelectric nature, however, they could not confirmed 
the hysteresis due to lack of experimental facility. The effect of doping of Mn++, 
95 and Cu++, 96 on the ferroelectric properties of Calcium tartrate was studied. 
The nature of doping of Mn++ and Cu++ in calcium tartrate97 was confirmed by 
EPR spectroscopy. Strontium tartrate crystals by adding calcium impurity 
were grown by Sahaya Sajan and Mahadevan98 and characterized by 
different techniques. Also, the dielectric properties of strontium tartrate 
crystals are studied by Arora et al.99
 Very recently several authors have reported significant work on various 
tartrate compounds. Growth and characterization of lithium doped strontium 
tartrate tetrahydrate crystals is carried out by Suresh Kumar et al.100 The 
nonlinear optical (NLO) properties of strontium tartro-antimonate (III) dihydrate 
[ Sr [ Sb2 { (+) – C4H2O6}2]2H2O] has been reported by Bayarjargal et al.101 
Moreover, several new NLO tartrate compounds are reported recently, which 
are L-threonine and L-proline tartrate102 and L-prolinium tartrate.103 The 
growth and characterization of cadmium tartrate104 and holmium tartrate 
tetrahydrate crystal105 have been reported. Ytterbium tartrate trihydrate 
crystals are grown and characterized by B. Want et al.106   
 
 Using gel growth technique to mimic the growth of biomaterials crystals 
in body, several biomaterials crystals have been grown, for example, urinary 
crystals,7, ,107 108 crystals responsible for arthritis109 in the present authors 
laboratory. 
 
CHAPTER-II  
A Brief Review of the Gel Growth Technique 
52 
2.14  Recent Development in Gel Growth 
The gel growth technique is used to mimic the conditions occurring in body. 
The gel can mimic the soft tissue environment, for example, liver tissue 
mimicking hydrogel has been studied.110 The gel based models have been 
used in the present author’s laboratory to study the growth inhibition of 
crystals responsible for urinary stones111112113and crystals responsible for 
arthritis109 by using various herbal extracts as well as inhibitors. A modified gel 
growth technique developed recently by Parekh et al26 is already discussed in 
section 2.8. 
The growth of barium oxalate crystals from agar gel is carried out by 
Dalal and Saraf.114 The growth of gadolinium samarium oxalate single crystals 
from gel method and their characterization is reported by Korah et al.115 Very 
recently the growth and characterization of sodium oxalate single crystals by 
gel growth is reported by Parekh et al.116
Crystalline growth and characterization of zinc cadmium thiocyanate117  
and lead(II) chloride118 are carried out very recently.  
Various biomaterials crystals have been grown by the gel method. The 
growth of protein crystals under stationary magnetic field in gels is carried out 
by Moreno et al.119 Growth and thermal, XRD, SEM and FTIR studies of 
amino acid γ-glycine is carried out by Ramchandran et al120  and for DL-
phenylalanine crystals by Ramchandran and Natrajan.121 Moreover the effect 
of phytoactive compounds on in vitro cholesterol growth is reported by 
Seethalakshmi Ammal et al.122
Recently, the role of gel as well as sodium metasilicate in the growth of 
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calcium tartrate crystals has been demonstrated. It has been found that both 
the gel media and sodium metasilicate play important role in growth and 
precipitation of crystalline phase.123  
It is difficult to summarize completely the recent development in the gel 
growth; however, a modest attempt is made hereby. 
 
2.15  Advantages and Limitation of Gel Growth 
Gel method has many advantages and it is preferred to grow the crystals, 
which are, otherwise, very difficult to grow by other techniques. This method is 
quite popular to grow crystals which are sparingly soluble in water or 
decompose on heating.  
The gel framework, which is chemically inert and harmless, acts like a 
three dimensional crucible wherein the crystal nuclei are delicately held in the 
position of their formation and growth, thereby preventing the damage, if any, 
due to impact with either the bottom or the walls of the container. Also, the 
crystals can be observed practically in all stages of their growth. All crystal 
nuclei are spatially separated and hence the effects of precipitations are 
eliminated. The gel medium considerably prevents convection currents and 
turbulence.  
 Thermodynamic consideration reveals that as the growth proceeds at 
ambient temperature, the grown crystals would contain relatively less 
concentration of equilibrium defects.  
 In the gel growth technique, by changing the growth conditions, 
crystals with different morphologies and sizes can be obtained. 
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 Inasmuch as this method is extremely simple and inexpensive, good 
quality crystals can be grown even in small laboratories, which do not possess 
sophisticated equipments, however, it requires delicate art of growing crystals. 
          With many advantages the gel growth method posses several 
limitations also. Crystal size is generally small and the growth period is large, 
therefore, large crystals cannot be grown by this method. In case of using 
silica gel, the gel inclusion occurs during growth in some crystals. Also, there 
is a chance of lattice contamination by impurities from the gel itself. 
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CHAPTER- III 
Experimental Techniques 
 
3.1 Introduction 
  Nowadays, scientists and engineers have an impressive array of 
powerful and elegant tools for acquiring quantitative and qualitative 
information about the composition and structure of matter. There are variety of 
crystals grown having numerous applications in science and technology. It is 
always important to characterize these crystals with various angles of 
interests by different instruments.1 The present chapter gives a brief review of 
experimental techniques, which are used by the present author to 
characterize the crystal grown. 
 
3.2  Crystal Growth 
 The crystals for the present investigations have been grown by the gel 
technique using single diffusion column. The experimental techniques are 
discussed elaborately in the chapter-II. 
 
3.3  Thermo Gravimetric Analysis (TGA) 
According to widely accepted definition of thermal analysis, it is a group 
of techniques in which physical properties of a substance and/or its reaction 
products are measured as a function of temperature whilst the substance is 
subjected to a controlled temperature program.1 Nearly over a dozen thermal 
CHAPTER-III 
methods can be identified, which differ in the properties measured and 
temperature programs.234 These methods find widespread use for both quality 
control and research applications of various substances, such as, polymers, 
pharmaceuticals, crystals, clays, minerals, metals and alloys. Various thermal 
techniques are categorized in figure (3.1).   
   
Thermal Analysis
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                     Figure (3.1): Various thermal techniques 
 
  The TGA involves change in weight with respect to temperature. The 
acquired data obtained as a plot of mass or loss of mass in percentage as a 
function of temperature is considered as a thermal spectrum, or a 
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thermogram, or a thermal decomposition curve. These thermo-grams 
characterize a system in terms of temperature dependence of its 
thermodynamic properties and physical-chemical kinetics.  
 The TGA involves measurement of a change in weight of a system as 
the temperature is increased at pre-determined rate. Changes in weight are a 
result of the rupture and/or formation of various physical and chemical bonds 
at elevated temperatures that lead to the evaluation of volatile products or the 
formation of heavier reaction products. From such curves data is obtained 
concerning the thermodynamics and kinetics of the various chemical 
reactions, reaction mechanism and the intermediate and final reaction 
products. Usually the temperature range is from ambient to 1200°C with inert 
or reactive atmospheres. The derivative in TG is often used to pinpoint 
completion of weight- loss steps or to increase resolution of overlapping 
weight-loss occurrences. 
  Modern commercial variety of instruments for TGA usually consists of; 
(1) a sensitive analytical balance, (2) a furnace, (3) a pure gas system (for 
providing an inert or sometimes reactive gas atmosphere), and (4) a 
microcomputer or microprocessor for instrumental control and data acquisition 
and display. A block diagram of TGA is as shown in figure (3.2).  
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Figure (3.2): Components of a thermal balance: A, beam: B, sample cup 
and holder; C, counterweight; D, lamp and photodiodes; E, coil; F, 
magnet; G, control amplifier; H, tare calculator; I, amplifier; J  recorder. 
(Courtesy of matter Instrument Corp. Hightston, NL) 
 
  There are mainly two types of thermo-gravimetry available, one is a 
dynamic thermo-gravimetry and the other is a static or endothermic thermo-
gravimetry. In the dynamic thermo-gravimerty, the sample is subjected at 
continuous and linearly increasing temperature. Whereas, in the static or 
endothermic thermo-gravimetry, the sample is maintained at constant 
temperature for a certain period of time during which any change in weight is 
recorded. The basic requirements for the analysis are a precision balance and 
a recorder. At present the availability of automatic recording thermo-balances 
in market are, usually, ranging from 1 mg to 100 g. In general a furnace 
should have a linear rise of temperature with time and should be capable to 
work in inert, oxidizing or reducing atmosphere from ambient to 1500°C. Often 
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the heating and cooling rate of the furnace can be selected from slightly 
higher than zero to as high as 200°C /min. Because of the continuous record 
of weight and temperature no features of thermo-grams are overlooked. The 
shape of thermo-gravimetric curve of a particular compound is influenced by 
the rate of heating of the sample and the atmosphere surrounding it.256     
 The TGA for the present samples was carried out from the room 
temperature to 1100°C at a heating rate of 10 and 15°C/min in an atmosphere 
of air using α-Al2O3 as standard reference. Powdered samples were used for 
this study. The analyses were carried out at Regional Sophisticated 
Instrumentation Center (RSIC), Chennai (IIT, Madras) and Central Salt and 
Marine Chemicals Research Institute (CSMCRI), Bhavanagar-Gujarat. 
 
3.4  Infrared (IR) Spectroscopy  
   Infrared spectroscopy is one of the most powerful analytical 
techniques, which indicates the possibility of chemical identifications.7 Till the 
early 1980s, instruments for the mid-infrared region were mostly of dispersive 
type based on diffraction gratings. Due to the advent of Fourier transform 
technology, the scenario is completely changed. Photometers based on 
interference filters also find applications in measuring the composition of 
gases and atmospheric contaminants. Before the appearance of these new 
instruments, the mid- infrared frequency region of spectra were largely used 
for qualitative organic analysis and structural determination based on 
absorption spectra. Nowadays, in contrast the mid-infrared spectroscopy is 
used in addition for quantitative analysis for complex samples by both 
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absorption and emission spectrometry. In addition to this the mid- infrared 
spectral regions find applications in microscopic studies of surfaces, analysis 
of solids by attenuated total reflectance and diffuse reflectance, photo-
acoustic instruments and others.1
  The infrared region of the electromagnetic spectrum extends from the 
red end of the visible spectrum out to the microwave region. Infrared spectral 
region can be divided into three regions; near infrared, mid-infrared and far 
infrared.  
Table (3.1) gives the details of different infrared spectral regions. 
Molecular vibrations are falling into basic categories of stretching and 
bending. A stretching vibration involves a continuous change in the inter-
atomic distance along the axis of bond between two atoms. However, the 
bending vibrations are characterized by a change in the angle between two 
bonds, which are of four types, scissoring, rocking, wagging and twisting 
which is shown in figure (3.3).   
 
 
 
 
 
 
 
 
Figure (3.3): Stretching and bending 
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Table (3.1) 
Different Infrared Spectral Regions and its Applications 
Spectral 
regions 
Wave 
numbers 
(cm-1) 
Type of 
measurement 
Type  of 
analysis 
Type of 
sample 
Diffuse 
reflectance 
Quantitative Solid or liquid 
materials 
Near-
infrared 
12,800 to 
4000 
Absorption Quantitative Gaseous 
mixtures 
Qualitative Pure solid, 
liquid or 
gaseous 
compounds. 
(mainly 
organic) 
Absorption 
Quantitative Complex 
Gaseous 
Liquid or solid 
mixtures 
Reflectance Qualitative Pure solid or 
liquid 
compounds 
Mid-infrared 4000 to 200 
Emission Quantitative Atmospheric 
samples 
Far-infrared 200 to 10 Adsorption Qualitative Pure inorganic 
or metal 
organic 
species 
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Because of the interaction with infrared radiation, portions of the 
incident radiation are absorbed at particular wavelengths. The multiplicity of 
vibrations occurring simultaneously produces a highly complex absorption 
spectrum, which is a unique characteristic of the overall configuration of the 
atoms as well. Details of assignments of different frequencies with different 
vibrations of bonds, such as H-O, N-H, C = O, C-C, C-H and many others 
were given in detail by many authors.1, ,8 9 Many times it is given in the chart 
and tabular form to facilitate the user to identify the specific bond vibrations 
from the frequency in wave numbers.   
 There are mainly three types of instruments available, which are (1) 
dispersive grating type, (2) multiplex type and (3) non-dispersive type. Variety 
of infrared sources are developed depending upon requirements, which 
include the Nernst glow-bar, incandescent wire sources, mercury arc, 
tungsten filament lamp, etc. Good transducers such as, thermal transducers, 
pyro-electric transducers and photo-conducting transducers are also equally 
important in the detection and measurement of infrared radiation.  For 
different regions, different type of radiation sources, optical systems and 
detectors are needed. The standard infrared spectrometer is a filter- grating or 
prism- grating instrument covering range from 4000 to 650 cm-1 (2.5 to 15.4 
µm). However, the grating instruments offer high resolution that permits 
separation of closely spaced absorption bands, accurate measurements of 
band position and intensities, and high scanning speeds for a given resolution 
and noise level. Modern spectrometers generally have attachments that 
permit speed suppression, scale expansion, repetitive scanning and 
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automatic control of slit, period and gain. These are very often under the 
control of a microprocessor.  Accessories such as beam condensers, 
reflectance units, polarizers and microcells can usually be added to extend 
versatility or accuracy.10
 
3.5  Fourier Transform Infrared Spectroscopy 
 Multiplex type of instruments employs the mathematical tool of Fourier 
Transform.11 The apparatus of Fourier Transform Infrared (FTIR) 
spectrometer is derived from Michelson interferometer, which is shown in 
figure (3.4). The main components of the FT-IR spectrometers are (1) drive 
mechanism, (2) beam splitters, and (3) sources and transducers. In figure 
(3.5) a parallel beam of radiation is directed from the source to the 
interferometer, consisting of a beam splitter (B) and two mirrors (M1 and M2). 
It is well known that for monochromatic radiation the interference patterns are 
obtained. 
 
Figure (3.4): Schematic diagram of Michelson interferometer 
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Figure (3.5): The principle of FT-IR 
 
The constructive or destructive interference is produced depending on 
the relative path lengths B to M1 and B to M2. When mirror M2 moves 
smoothly towards or away from B, a detector sees radiation of changing 
intensity. If white radiation is used, the interference patterns are obtained 
which can be transferred back to the original frequency distribution. This can 
be achieved by a mathematical process known as Fourier transform, 
nowadays, this process is carried out by a computer or microprocessor of the 
spectrometer. Under these conditions, the detector response fluctuates at a 
rate, which depends upon the rate of movement of mirror and the wavelength 
of radiation.  
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In general, any combination of frequencies with corresponding 
amplitudes will produce an interferogram containing all the spectral 
information of the original radiation. The interferogram is the Fourier transform 
of the spectrum and the task of the computer is to apply the inverse Fourier 
transform.  
 Interferometric or Fourier transform spectroscopy makes use of all the 
frequencies from the source simultaneously, rather than sequentially as in 
scanning instrument. This was first proposed by Fellgett and hence also 
called as Fellgett advantage FTS. The Fellgett advantage is an improvement 
in signal to noise ratio of (M)1/2, where M is the number of resolution elements 
desired in the particular spectrum. It is worth noting that the resolving power 
of Fourier transform instrument is constant over the entire spectrum, whereas 
it varies with frequency in the conventional technique.12 Fourier transform 
spectroscopy is providing simultaneous and almost instantaneous recording 
of whole spectrum in the magnetic resonance, microwave and infrared 
regions. Fourier Transform (FT) Spectroscopy is equally applicable to both 
emission and absorption spectroscopy. 
 The FT-IR set up has, as noted earlier, design based on Michelson 
interferometer, which is having mainly three important components: 
(1) A drive mechanism is important for satisfactory interferograms, which 
needs that the speed of the moving mirror be constant and its position 
be known exactly at any instant. The planarity of the mirror must 
remain constant during the entire sweep of 10 cm or more. 
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(2) Beam splitters are constructed of transparent materials with refractive 
indices such that approximately 50% of the radiation is transmitted and 
50% is reflected. A thin film of germanium or silicon coated on cesium 
iodide or bromide, sodium chloride, or potassium bromide is employed 
for mid infrared region. 
(3) The sources of FTIR are usually the same as IR ones. Inasmuch as the 
slow response times the thermal transducers are not generally 
preferred in FT-IR, the Triglycine sulphate transducers are widely 
preferred in the mid frequency range. 
 The FTIR instrument has many advantages. It has better signal to 
noise ratio than good quality dispersive type instrument. Another important 
advantage is that its optics provides a much larger energy throughput (one or 
two orders of magnitude) than the dispersive type, where it is limited by the 
necessity of having the narrow slit widths. The prime advantage of FT-IR is 
that the interferometer is free from the problem of stray radiation because 
each infrared frequency is chopped at a different frequency.  
 There are many applications of FT-IR spectroscopy, which are 
spectroscopic investigations of gaseous mixtures having complex spectra 
resulting from superposition of vibrational and rotational bands as found in 
atmosphere; study of samples with high absorbencies; study of the 
substances with weak absorption bands; collecting data from very small 
samples; investigations requiring fast scanning such as kinetic studies or 
detection of chromatographic effluents and infrared emission studies. 
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  There are different versions, modifications and attachments are 
available with FT-IR. Diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) uses an effective way of obtaining infrared spectra 
directly on powdered samples with a minimum sample preparation.13,14 The 
advantage is that it permits conventional infrared spectral data to be obtained 
on the samples that are not altered much from their original state. Apart from 
this, the photo-acoustic infrared spectroscopy is another popular technique. 
This technique was introduced in 1970s, which provides a mean for obtaining 
ultraviolet, visible and infrared absorption spectra of solids, semisolids, or 
turbid liquids. This is based on the effect first investigated by Alexander 
Graham Bell in 1880. When a gas in a closed cell is irradiated with a chopped 
beam of radiation of a wavelength that is absorbed by a gas, the absorbed 
radiation causes periodic heating of the gas which, consequently, gives in 
regular pressure fluctuations in the chamber. This method has been used for 
detecting the components of mixtures separated by thin- layer and high-
performance liquid chromatography. Most manufacturers offer photo-acoustic 
cell along with FT-IR as the accessories. 
The FT-IR spectra for the present study were taken at Physics 
Department, Saurashtra University, Rajkot, using the powdered samples in 
KBr medium in the range from 400 cm-1 to 4000 cm-1 on Thermo Scientific FT-
IR Spectrometer. 
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3.6 X-ray Diffraction by Powder Method 
 The powder X-ray diffraction (XRD) was devised independently in 1916 
by Peter Joseph William Debye, a Nobel Laureate, and P. Scherrer in 
Germany and in 1917 by A. W. Hull in United States.151617 The powder XRD is 
a non-destructive technique widely used for the characterization of a variety of 
crystalline materials.  This method has been conventionally used for phase 
identification, quantitative analysis and the determination of structure 
imperfections. However, in recent years the applications have been extended 
to new areas, such as the determination of crystal structures and the 
extraction of three-dimensional micro-structural properties.  
 Generally, the method is applied to data collected under ambient 
conditions, but in situ diffraction as a function of an external constraint, such 
as  temperature, pressure, stress, electric field, atmosphere, etc, is  important  
for  the  interpretation  of  solid  state  transformations  and materials  
behaviors.  Various  types  of  micro and  nano crystalline  materials  can  be 
characterized by powder- XRD, including organic and inorganic materials, 
drugs, minerals, zeolites,  catalysts,  metals  and  ceramics. In the 
pharmaceutical industries the powder-XRD is popular for identification of drug 
molecule and its polymorphs.   The physical states of the materials can be 
loose powders, thin films, poly-crystalline and bulk materials. By properly 
using this technique one can yield a great deal of structural information about 
the material under investigation. For most applications, the amount of 
information which is possible to extract depends on the nature of the sample 
microstructure (crystallinity,  structure  imperfections,  crystallite  size and  
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texture)  the  complexity  of  the  crystal structure (number of atoms in the 
asymmetric unit cell and unit cell volume), the quality of the experimental data 
(instrument performances and counting statistics).18
 Basically, this method involves the diffraction of monochromatic X-ray 
by a powdered specimen. Usually ‘monochromatic’ means the strong 
characteristic K component of the filtered radiation from an X-ray tube 
operated above the K excitation potential of the target material. The “Powder” 
can mean either an actual, physical powder held together with suitable binder 
or any specimen in polycrystalline form. Since single crystals are not always 
available, this method is more suitable for structural determination of various 
substances. The powder method is also known as the Debye-Scherrer 
method. 
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Figure (3.6 a): The Principle of Powder X-ray Diffraction 
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 The fundamental law, which governs the x-ray diffraction phenomenon, 
is the Bragg’s Law and the equation is as follows ; 
θλ sin2dnS ==∆          or                θ
λ
sin2
nd =       --------------------(3.1) 
 
Figure (3.6 b): Powder Sample Diffract X-ray Beam in Cones 
 
When X-ray is incidented on the crystalline powdered sample it gets 
diffracted according to the above mentioned equation in form of cones, which 
is exhibited in figure (3.6 b).  
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 There are many applications of the powder method. Fundamentally this 
method provides a way of investigating, within limits, the crystallography of 
the crystal in the powder form. The powder method can be used as a tool to 
identify crystals, since the powder XRD patterns produced by a crystalline 
substance is a characteristic of that particular substance. One of the most 
important uses of the powder method is in the identification of an unknown 
material. If a set of standard diagrams of known substances, or tabular 
representations of them, available, then it is possible to identify a pure 
substance with the aid of a set of rules for finding an unknown diagram. The 
ASTM data cards as well as JCPDS data files are available for large number 
of substances for identifications and comparison. Statistical study of the 
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relative orientations of the individual crystals of an aggregate is one of the 
important secondary uses of the powder method.19 Identification of phases 
can be done by powder technique without solving crystal structure or 
assigning indices to the reflections. Apart from these, cold work, recovery and 
re-crystallization are readily recognized by their effect on the powder patterns.    
 
Diffraction Line    Parameter  of Applications 
Peak position    Unit-cell parameter refinement   
               Pattern indexing 
               Space group determination (2θ0/absent   
                                                      reflections) 
     Anisotropic thermal expansion 
     Macrostress: sin2ψ method 
     Phase identification (d/I) 
 
Intensity     Phase abundance 
     Reaction kinetics 
     Crystal structure analysis (whole pattern) 
     Rietveld refinement (whole pattern) 
     Search/match, phase identification 
     Preferred orientation, texture analysis  
Width/breadth and shape   Instrumental resolution function 
     Microstructure: line profile analysis 
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     Microstructure (crystallite size, size   
               distribution, lattice distortion, structure   
               mistakes, dislocations, composition  
                                   gradient), crystallite growth kinetics 
     Three-dimensional microstructure (whole  
                                                       pattern) 
Non-ambient and   in situ diffraction under external dynamic  
                                                      diffraction constraints reaction kinetics 
  There are three types of powder methods, differentiated by the relative 
position of the specimen and the film. 
1. Debye-Scherrer Method:  
   The film is placed on the surface of a cylinder and specimen on the 
axis of the cylinder. 
2. Focusing Method:  
  The film, specimen, and X-ray source are all placed on the surface of a 
cylinder. 
3. Pinhole Method:  
  The film is flat, perpendicular to the incident X-ray beam, and located at 
any convenient distance from the specimen. 
 For the purpose of simultaneous and quick measurement of the 
positions and intensities of diffraction lines the diffracto-meters are 
advantageous; on the other hand, the diffraction cameras are preferred when 
a very small amount of specimen is available, if an entire diffraction ring is 
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required to be recorded in order to do the rapid estimation of grain size and 
preferred orientation and in case of large immovable specimen. 
 The powder photographic methods are well described by Klug and 
Alexander20 as well as Azaroff and Buerger.19
 The simplest and most inexpensive way of practicing the powder 
method is to record the X-ray diffraction on photographic film, using a powder 
camera. A more elaborate way is to detect the diffracted radiation by means 
as a quantum counter, like Geiger counter. The use of counter diffracto-meter, 
and recorder equipment is justified chiefly when one wants to examine many 
different samples rapidly. Such methods also have a real advantage 
whenever accurately measured intensities are necessary. 
  In the present work crystals were analyzed by PW 1710 BASED 
diffracto-meter with Cu-Kα radiation by using PC-APD Diffraction software. 
The crystal structures were determined by a computer software Powder-X.  
 Moreover, the single crystal x-ray diffraction method has its own 
advantages, but it is very expensive. The single crystal x-ray diffracto-meters 
use small single crystalline samples instead of powder samples. The data are 
analyzed with the help of computer soft-ware.  
 The crystal XRD was carried out on PHILIPS X’PERT MPD system at 
Central Salt and Marine Chemicals Research Institute (CSMCRI), 
Bhavanagar, Gujarat and Sophisticated Instrumentation Center for Applied 
Research and Testing (SICART), Vallabh Vidyanagar, Gujarat.   . 
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3.7 Dielectric Studies 
          Materials, which are electric insulators or in which an electric field can 
be sustained with a minimum dissipation power are known as dielectric 
materials. In the general sense, dielectric includes all materials except 
condensed states of metals. 
 A dielectric is characterized by its dielectric constant,∈ (some times 
denoted by κ ), which relates the electric flux density to the electric field by the 
following relation 
D = ∈ ε                    ------------------ (3.2) 
 In the MKS system ∈ is the product of ∈0 (permittivity of free space) 
and ∈r (relative dielectric constant). In the earlier experiments Faraday found 
that by inserting a dielectric material between the condenser plates, the 
capacitance could be increase by a factor of ∈r. The reason is the appearance 
of charges on the surface of the dielectric necessitating the arrival of fresh 
charges from the battery in order to keep the voltage constant. This is 
described in a schematic diagram of figure (3.7).  
 In vacuum the surface charge density on the condenser plate is 
represented as  
          Q = ∈0 V/d                       -------------------- (3.3) 
Where, d , is the distance between the plates. In the presence of dielectric, 
the surface charge density increase to 
          Q’ = ∈0∈r V/d    -------------------- (3.4) 
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Figure (3.7): Schematic representations of (a) the charge stored on 
capacitor plates for a vacuum. (b) the dipole arrangement in an 
unpolarized dielectric, and (c) the increased charge storing capacity 
resulting from the polarization of a dielectric material. 
 
Denoting the increase in surface charge density by P and defining the 
dielectric susceptibility by  
            χ = ∈r  - 1           --------------------(3.5) 
From equation (3.3) and (3.4) the following relationship can be obtained  
            P= D - ∈0ε  and  P = ∈0χε            --------------------(3.6) 
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Usually, the dielectric constant for a given material is defined as the ratio of 
electric capacitance of a dielectric field capacitor to a vacuum capacitor of 
identical dimensions. This can be represented by the following relationship,  
           ∈ = C/ C0           --------------------(3.7) 
Where, C is the capacitance of the dielectric field capacitor and C0 is the 
capacitance of vacuum capacitor. The dielectric constant ∈ is also known as 
the specific inductive capacity or as the relative permittivity. For a given 
charge distribution, the dielectric constant expresses the ratio of electric field 
strength in vacuum to that in a dielectric, the latter field being reduced by the 
polarization of the dielectric medium. 
 Considering a microscopic approach, an atom has a positively charged 
nucleus surrounded by an electron cloud. In the absence of an electric field, 
the statistical centers of positive and negative charges coincide. When an 
electric field is applied a shift is expected in the charge centers, particularly of 
the electrons. If this separation is δ and the total charge is q then the molecule 
has an induced dipole moment, 
             µ = q δ      -------------------- (3.8) 
 If the center of electron charge moves by an amount,δ, then the total 
volume occupied by this electrons is Aδ, where A is the area. This is actually 
true for class of molecules also. Denoting the number of molecules per unit 
volume by Nm and taking account of the fact that each molecule has a charge 
q, the total charge appearing in the volume Aδ is then AδNm q or simply Nmqδ 
per unit area, in other words, the surface charge density. 
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It is interesting to note that this polarized surface charge density P is 
exactly equal to the amount of dipole moment per unit volume, which is from 
equation (3.8) is also Nmqδ. The first relationship between microscopic and 
macroscopic quantities are obtained as follows 
P = Nmµ     -------------------- (3.9) 
  For low electric fields, one may assume that the dipole-moment is 
proportional to the local electric field ε’, 
          µ = α ε'                            --------------------(3.10) 
Where, α is the constant known as polarizability. Notice that the presence of 
dipoles increases the local field, which will thus always be larger than the 
applied electric field. This has been schematically shown in figure (3.8). 
 
Figure (3.8): Formation of Dipole in Electric Field 
 There are several types of polarizations, such as, ionic polarization, 
interstitial polarization, electronic polarizability of atoms, lattice polarization 
and molecular polarizability.  
  The electric response of a normal dielectric can be explained by its 
dielectric or breakdown strength, conductivity or dielectric loss and dielectric 
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constant. The behavior of nonlinear dielectric depends also on the amplitude 
and time variation of the electric field. 
  Dielectric strength is defined as the maximum electric field, which can 
be applied to a dielectric without causing breakdown, the abrupt irreversible 
drop in resistively at high fields often accompanied by destruction of the 
material. Dielectric strength of most insulating materials is in the range from 
104 to 107 V/in. at room temperature and low frequencies and it decreases at 
higher temperatures. 
  Dielectric loss is the power dissipation in a dielectric because of 
conduction process. This power loss results from thermal dissipation of the 
electrical energy expended by the field. It is caused by molecular collisions. It 
can be described by any of the following related parameters; the conductivity, 
σ, the factor∈”, the power factor cosθ and the loss tangent or dissipation 
factor, tanδ ;of these, only σ is applicable to direct current problems. The 
conductivity σ is the current density I per unit field strength E in phase with the 
applied voltage. The loss factor∈”, which is the imaginary part of the 
permittivity, is related to the conductivity by σ =ω∈”/ γ, where ω equals 2π 
times the frequency.  
The power factor, cosθ, is the ratio of conduction or loss current in phase with 
the applied voltage to the total current in any circuit, and θ is the phase angle 
between current and voltage. The dissipation factor, tanδ, is the ratio of loss 
current to reactive or charging current, where  δ = 90°- θ. This is expressed in 
terms of permittivity as in equation (3.11),  
where, ⏐∈*⏐= √∈’2+∈”2,  ∈* = ∈’-i∈”, cosθ  = ∈ / ⏐∈*⏐  --------------------(3.11) 
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and tanδ = ∈”/∈’. For low loss materials, cosθ and tanδ are nearly equal. 
 The power dissipated per unit volume is P= σ ⏐E⏐2= ⏐I⏐ cosθ. This 
power loss increases at high temperatures and, in many substances, at high 
frequencies and also it increases for a given field strength. This effect is 
commercially employed in dielectric heating equipment for industrial and 
therapeutic purposes. 
 Distinction is often made for semiconductors and dielectrics. A non-
polar material is having no permanent dipoles, for example, silicon, 
germanium and carbon (diamond). The III-V compounds such as GaAs, InSb 
and GaP share their valance electrons in such a manner that the ions forming 
the lattice tend to be positive (group-V) or negative (group-III). Hence, the 
lattice is a mass of permanent dipoles whose moment can be changed by 
applied field. There are compounds, such as hydrocarbons (C6H6 and 
paraffins), having permanent dipole arrangements but surprisingly zero net 
dipole moment. There are molecules like water and many transformer oils that 
have permanent dipole moments and the total dipole moment is determined 
by their orientational polarizability. 
  Depending upon the frequency range under investigation the 
experimental method of measuring dielectric constant varies. For frequencies 
below 109Hz the permittivity or impedance of a dielectric sample, inserted in a 
parallel plate capacitor, can be measured by suitable circuits. A Schering 
bridge arrangement is used up to 107 Hz and resonance circuit in the range of 
104 to 109Hz. In the case of frequencies above 108Hz, the dielectric constant 
may be determined by measuring the interaction of electromagnetic waves 
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with the medium. From 108 to 1011Hz the material is generally inserted in 
wave-guides or co-axial lines and the standing wave patterns are measured. 
However, at still higher frequencies, optical techniques involving reflections 
and transmission measurements are employed. 
  The applicability of dielectric materials not only requires the knowledge 
of their electric properties, but also their general physical and chemical 
properties, such as, mechanical strength, elasticity, resistance to heat and 
cold, thermal conductivity, hygroscopicity, stability, crystalline structure and 
other parameters. 
  There are many applications of dielectric materials. Because the 
dielectric constant is related to the chemical structure, it can be used for both 
qualitative and quantitative analysis. If the dielectric constants for all 
constituents except one constituent, in a multi-component system, are similar 
and there is little interaction between them in solution, then the unique 
component can often be determined. Interestingly, in the analysis for toluene 
in the presence of complex mixtures of aliphatic hydrocarbons in petroleum 
refining as well as determining moisture in cereal grains and other solids uses 
this type of dielectric measurement techniques. When the nominally electric 
insulating material is placed in a varying electrostatic field, the heating effect 
of a material due to its own electric (dielectric) losses is known as dielectric 
heating. The material to be heated is placed between two metallic electrodes 
and high frequency signals of 2 to 90 MHz are applied by high frequency 
oscillator.  The resultant heat is generated within the material and in the 
homogeneous materials it is through out uniform. 
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  Solid dielectrics are employed for the vast majority of commercial 
applications. Important solid dielectrics include many ceramics and glasses; 
plastics and rubber; minerals such as quartz, mica, magnesia, and asbestos; 
and paper and fibrous products. The mechanical and thermal properties as 
well as the electrical response are important in the choice of dielectric for a 
particular product. For high mechanical strength and temperature resistance, 
ceramic and mineral insulators are preferred, while plastic and rubber are 
employed where flexibility is desired. Low-loss, non-polar dielectric, such as 
polyethylene or polystyrene, is necessary for many ultra high frequency 
applications. 
 Many authors discussed various dielectric properties, dielectric 
applications and dielectric theories in details.2122232425262728293031 Classical 
theory of dielectric constant was also been given by Kachhava and Saxena.32
   
 
Figure (3.10): LCR meter 
 
Figure (3.10) shows the photograph of the set up. The powdered samples 
were palletized by using a die of 1cm diameter by applying 2 tone pressure. 
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The pallets were placed in a suitably design spring-loaded holder. Figure 
(3.11) describes the design of the sample holder.  
 
Figure (3.11): The sample holder 
The frequency of the applied signal was varied from 500Hz to 1MHz and the 
values of capacitance were measured at different frequency at room 
temperature. The dielectric constant (κ) is measured by employing the 
following expressions, 
C = εA / t = ε0  κ A / t,          κ =Ct / ε0 A ,   --------------------(3.12) 
Where, C = Capacitance, ∈ = Relative permittivity, κ = Dielectric constant, A = 
Area of sample, and ∈0 = Permittivity of free space. 
 The dissipation factor (D) is measured along with the capacitance at 
different temperatures and frequencies. The dielectric loss tanδ is calculated 
by using the following relation 
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  tanδ= D                  --------------------(3.13) 
where, D= dissipation factor.  
 In the present investigation, a precision LCR meter Agilent 42848 
capable of measuring different impedance parameters at test frequencies 
from 20Hz to 1MHz has been used. The measurements were made at the 
ferrites laboratory of the Physics Department, Saurashtra University, Rajkot, 
Gujarat. 
 
3.8 Vibrating Sample Magnetometer (VSM) 
  Vibrating sample magnetometer was developed by S. Foner33 which is 
based on the flux change in a coil when the sample is vibrating near it. The 
sample, usually a sphere or small disc, is centered to the end of a rod and the 
other end of which is fixed to a loud speaker cone, or to some other kind of 
mechanical vibrator. The current through the loud speaker vibrates the rod 
and hence the sample at about 80 cycles/sec and with amplitude of about 0.1 
mm in a direction at right angles to the magnetic field. Because of the 
oscillating magnetic field of the sample, an alternating e.m.f. is induced in the 
detection coils. In vibrating rod there is also a reference specimen, in the form 
of a small permanent magnet near its upper end, and the oscillating field of 
this induces another e.m.f. in two reference coils. The voltages from the two 
sets of coils are compared and the difference will be proportional to magnetic 
moment of the sample. The schematic diagram of VSM is shows in figure 
(3.12).   
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                                     Figure (3.12) 
The apparatus should be calibrated with the specimen of known magnetic 
susceptibility. 
 This method is very versatile and sensitive. It may be used for both 
weak and strong magnetic substances and it can detect a change in magnetic 
moment of 5×10-5 erg/cc, which corresponds to a change in mass 
susceptibility of 5×10-9 emu/gOe for a one gram sample in a field of     10000 
Oe. This method has further been modified by several workers.34,35
 In the present work, the magnetic susceptibility of the crystals was 
measured using EG and PARC-155 Vibrating Sample Magnetometer at room 
temperature with different applied magnetic fields. In this instrument, when a 
sample is placed in a homogeneous magnetic field, a moment is induced in 
the sample. If this sample is made to under go sinusoidal motion as well, an 
electrical signal is induced in suitably placed stationary pick up coils. Magnetic 
field range is 0-1.6 Tesla. A complete 360° rotation in the horizontal plane with 
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accuracy of ± 0.5° is possible for angular variation of magnetic field on a 
crystal. Noise is less than 5×10-4emu with an absolute accuracy better than 
2% and reproducibility better than 1%. Pure nickel metal is used to calibrate 
the instrument. The analysis was carried out at Regional Sophisticated 
Instrumentation Center (R.S.I.C.), I. I. T., Madras, Chennai.      
 
3.9  Energy Dispersive Analysis of X-ray (EDAX)  
 
  Figure (3.13): Interaction of an electron beam with a specimen 
An energy-dispersive x-ray analyzer (EDX) is a common accessory 
which gives the scanning electron microscope (SEM) a very valuable 
capability for elemental analysis. It is sometimes referred to also as EDS or 
EDAX analysis. It is a technique used for identifying the elemental 
composition of the specimen, or an area of interest thereof.  The EDX 
analysis system works as an integrated feature of a scanning electron 
microscope (SEM), and can not operate on its own without the latter.      
 Figure (3.13) illustrates the interaction of an electron beam (in red) 
with a specimen (shaded blue). The electron beam in an SEM has an energy 
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typically between 5,000 and 20,000 electron volts (eV). The binding energy of 
electrons in atoms ranges from a few eV up to many kilovolts. Many of these 
atomic electrons are dislodged as the incident electrons pass through the 
specimen, thus ionizing atoms of the specimen. This process is illustrated 
schematically in the inset box of the figure.  
A position vacated by an ejected inner shell electron is eventually 
occupied by a higher-energy electron from an outer shell. To be able to do 
so, however, the transferring outer electron must give up some of its energy 
by emitting an X-ray.       
The amount of energy released by the transferring electron depends on 
which shell it is transferring from, as well as which shell it is transferring to. 
Furthermore, the atom of every element releases X-rays with unique amounts 
of energy during the transferring process. Thus, by measuring the amounts of 
energy present in the X-rays being released by a specimen during electron 
beam bombardment, the identity of the atom from which the X-ray was 
emitted can be established.     
The output of an EDX analysis is an EDX spectrum. The EDX 
spectrum is just a plot of how frequently an X-ray is received for each energy 
level. An EDX spectrum normally displays peaks corresponding to the energy 
levels for which the most X-rays had been received. Each of these peaks is 
unique to an atom, and therefore corresponds to a single element. The higher 
a peak in a spectrum, the more concentrated the element is in the 
specimen.36
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An EDX spectrum not only identifies the element corresponding to 
each of its peaks, but the type of X-ray to which it corresponds as well. For 
example, a peak corresponding to the amount of energy possessed by X-rays 
emitted by an electron in the L-shell going down to the K-shell is identified as 
a K-Alpha peak. The peak corresponding to X-rays emitted by M-shell 
electrons going to the K-shell is identified as a K-Beta peak. See figure 3.14. 
       
 
Figure (3.14): shell structure 
 
Elements in an EDX spectrum are identified based on the energy content of 
the X-rays emitted by their electrons as these electrons transfer from a 
higher-energy shell to a lower-energy one. 
  The EDAX was carried out at Sophisticated Instrumentation 
Center for Applied Research and Testing (SICART), Vallabh Vidyanagar, 
Gujarat, and Regional Sophisticated Instrumentation Center, Indian Institute 
of Technology, Mumbai. 
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3.10 Mössbauer Spectroscopy  
Mössbauer effect37 was discovered by Nobel Laureate Rudolph 
Mössbauer in 195738  and has an important influence in many branches of 
Physics and Chemistry. Its unique feature is in the production of 
monochromatic electromagnetic radiation with a very narrowly defined energy 
spectrum, so that it can be used to resolve minute energy differences. The 
direct application of the Mössbauer effect to Chemistry is due to its ability to 
detect the slight variations in the energy of interaction between the nucleus 
and the extra-nuclear electrons.  
Mössbauer Spectroscopy is a very sensitive and accurate way of 
gathering information about chemical systems. It can be used to determine 
bonding, structural, magnetic, time-dependant and dynamical properties of 
systems.  
The Mössbauer spectroscopy is based on the principle of recoil-less 
emission and resonant absorption of gamma rays by identical nuclei without 
thermal broadening.38
The source of the gamma rays is a radioactive isotope of an element 
which decays into an excited state of the isotope under study, which returns to 
its ground state by the emission of a gamma ray or electron. For most 
experiments the main source used is 57Co in Rh, which undergoes a nuclear 
decay (electron capture) to 57Fe in its I=5/2 excited state. This can decay in 
two ways as shown by figure (3.15), the main one gives a 14.4 keV excited 
state. The decay of this state via gamma rays or conversion electrons is used 
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in Mössbauer spectroscopy of iron systems. 
 
 
 Figure (3.15): Nuclear Decay of 57Co to 57Fe leading to 14.4 keV   
       Mössbauer  gamma ray.  
Normally, when a gamma ray is absorbed or emitted some of the 
kinetic energy of the photon is lost as recoil energy. This means that under 
normal conditions resonant absorption is prevented. If, however, the atom is 
bonded to other atoms  in a crystal then its effective mass is increased by a 
large factor, reducing the energy it absorbs from the gamma ray, i.e., the 
"atom" is now so massive that it does not recoil. In these conditions it is 
possible to achieve resonant absorption by modulating the energy of the 
gamma ray beam, by oscillating the gamma ray source with the resulting 
Doppler shift changing the energy of the photons. When the modulated beam 
matches the difference in energy between the ground and first excited state of 
the absorber (i.e. at resonance) then the gamma rays are resonantly 
absorbed. This gives a reduction in the number of counts at the detector 
giving an output like that in figure (3.16), which shows a very simple spectrum 
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for an emitter and absorber in the same surroundings. This output can be 
affected by temperature and three other factors:  
i) Isomer shift 
ii) Quadrupole splitting 
iii) Magnetic splitting. 
When the emitting and absorbing atoms are embedded in a well-bound 
crystalline lattice then there is a definite probability of emission and absorption 
of gamma-rays without changing the phonon occupation number of the lattice. 
Under such circumstances, i.e., during the zero phonon processes the emitted 
gamma-ray carries with it the full transition energy. Therefore, Mössbauer 
effect is sometimes called the zero phonon emission and absorption of 
gamma-rays, the recoilless emission and absorption of gamma-rays, or the 
resonance fluorescence of gamma-rays. The gamma-rays emitted under 
conditions appropriate to Mössbauer effect has a natural line width 
determined entirely by the life-time of the nucleus in the excited state. One 
can measure the energy of the gamma-rays and in turn the nuclear levels to 
an accuracy of one part in 1013. This makes the Mössbauer emission the most 
precisely determined electromagnetic radiation available for physical 
measurements. With such sharp lines it is possible to observe and study a 
variety of hyperfine interactions, such as39  
(1)  electrostatic monopole interaction between the nucleus and the s-   
      electron density at the nucleons                 
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(2) electric qudrupole interaction between the quadrapole moment of 
the nucleus and the electric field gradient at the nucleus, and 
(3) magnetic dipole interaction between the magnetic dipole moment of     
the nucleus and the magnetic field at the nucleus. 
 
 
Figure (3.16): Simplest Mössbauer spectrum obtained from emitter and  
                        absorber in identical conditions.  
The Mössbauer experiment can be performed either transmission 
geometry or in scattering geometry, out of these, transmission geometry is 
usually preferred. In both the cases the photons either transmitted through the 
absorber or scattered by the scatterer are counted as a function of the relative 
velocity between the source and the absorber or the scatterer as the case 
may be. The block diagram of the Mössbauer setup is given in figure (3.17). 
Though there are some differences in apparatus used for room 
temperature and cryostat experiments of the Mössbauer study the method of 
data acquisition is basically the same.  
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Figure (3.17): Block Diagram of typical Mössbauer spectrometer. 
In the present study, the Mössbauer spectra were recorded in the 
transmission geometry with a constant acceleration transducer and 512 multi 
channel analyzer, A57 Co (Rh) source of activity 10 mci was used. The 
measurements were made on the setup available at Physics department, 
faculty of Science, M.S. University of Baroda.    
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CHAPTER-IV 
Growth and Characterization of Manganese-Iron 
Mixed Tartrate Crystals 
 
4.1  Introduction 
Numerous applications are found of compounds of tartaric acid in science and 
technology1. The growth of single crystals of calcium and strontium tartrates 
and their solid solutions of various compositions has drawn considerable 
interest of various workers2- - - - - -3 4 5 6 7 8. Apart from strontium-calcium mixed 
tartrate crystals, there are many other mixed and pure crystals grown by 
different workers by the gel growth; for example, the mixed rare earth tartrate 
crystals9,  the mixed CdxBa1-xCrO4 crystals10, the mixed crystals of 
LaxCux3C2O4.nH2O11, the mixed crystals of iron-nickel tartrates as well as iron-
cobalt tartrates12, mixed crystals of strontium-calcium levo tartrates13, 
strontium and manganese tartrates14, copper and manganese doped calcium 
tartrates15, manganese-iron mixed levo tartrate16 and strontium dextro 
tartrates12; copper, zinc and cadmium tartrates17;  potassium tartrates18 and 
manganese tartrate.19
Earlier, iron (II) tartrate crystals20- -21 22 and manganese tartrate 
crystals19 have been successfully grown by gel growth technique and were 
characterized using TGA, FTIR and Mössbauer spectroscopy. 
 This chapter deals with the growth and characterization of pure and 
mixed manganese-iron (Mn-Fe) tartrate crystals using Levo and Dextro 
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Tartaric acid. The crystals were characterized by Energy Dispersive Analysis- 
of X-ray (EDAX), powder X-ray diffraction (XRD), Thermo Gravimetric 
Analysis (TGA), dielectric studies, Fourier Transform Infrared (FT-IR) 
spectroscopy and Mössbauer spectroscopy. 
 As the TGA and FTIR spectroscopic study for the Mn-Fe levo tartrate 
crystals are already reported16, therefore, these characterizations are avoided 
in the present study and reported only for Mn-Fe dextro tartrate crystals. On 
the other hand, EDAX, powder-XRD, dielectric study and Mössbauer 
spectroscopy are reported here for Mn-Fe levo tartrate crystals. The water of 
hydration attached with the Mn-Fe levo tartrate crystals are already 
determined16, which are referred in the present discussion whenever required.    
 
4.2  Experimental Techniques 
4.2.1  Gel Preparation 
In the present case, AR grade sodium meta-silicate powder is used to prepare 
the gel medium; generally, commercial sodium meta-silicate is used for 
manufacture of soap. To prepare the aqueous solution of sodium meta- 
silicate of 1.04 specific gravity, 100g sodium meta-silicate was dissolved in 
one litre distilled water in a beaker. This solution was stirred thoroughly and 
dense milky solution was formed. It was left for a couple of days, so that 
heavy insoluble impurities accumulate at the bottom of the beaker. This was 
decanted into another beaker and filtered twice with a Whatman (cat No 1001 
125) filter paper of 12.5 cm diameter. To get rid off all suspended impurities, 
the solution was centrifuged on high speed centrifuge unit for about half an 
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hour at 10,000 revolutions per minute, as a result transparent golden colored 
solution of sodium meta-silicate was obtained which was now used to set the 
gel along with the tartaric acid. 
 
4.2.2  Crystal Growth 
The single diffusion gel growth technique was used to grow the crystals. 
Glass test tubes of 25mm diameter and 140mm length were used as a 
crystallization apparatus. The AR grade chemicals were used. To grow pure 
and mixed Mn-Fe levo and dextro tartrate crystals, 1M levo tartaric acid and 
1M dextro tartaric acid solutions were used, respectively, as a one of the 
reagents with sodium meta-silicate solution to set 3.8 pH of the mixture. The 
sodium meta-silicate solution density was chosen 1.04 gm/cm3. The mixture 
was transferred into different test tubes to set in to the gel form. After setting 
the gel the supernatant solutions consisting of various volumes of hydrated 
manganese chloride (MnCl2,4H2O) and ferrous sulphate (FeSO4,7H2O) 
solutions having concentrations of 1 molar each were poured gently without 
disturbing the gel surface. 
The compositions of the supernatant solutions were as follows: 
(A)  10ml, 1M, MnCl2……………………………...sample-1 
(B)  8ml, 1M, MnCl2 + 2ml, 1M, FeSO4..............sample-2 
(C)  6ml, 1M, MnCl2 + 4ml, 1M, FeSO4……….. .sample-3 
(D)  4ml, 1M, MnCl2 + 6ml, 1M, FeSO4……….. .sample-4 
(E)  2ml, 1M, MnCl2 + 8ml, 1M, FeSO4……….. .sample-5 
(F)  10ml, 1M, FeSO4……………………………. sample-6 
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The following reaction is expected to occur, 
XMnCl2(aq) +(1-X)FeSO4(aq) + H2C4H4O6 
= MnxFe(1-x)C4H4O6 + 2XHC l + (1-X) H2SO4 
where, x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0. 
 
The present author has grown crystals by using both Levo and Dextro 
tartaric acids. Pure and mixed (Mn-Fe) crystals of levo and dextro tartrates, 
more-or-less, exhibit the same morphology and hence the crystal growth 
observations are presented only for dextro tartaric acid in the next section. 
 
4.3  Crystal Growth Observation for the Mn-Fe Dextro 
tartrate crystals 
As already mentioned in the previous section, the solutions of MnCl2 and 
FeSO4 were added in such a way that the total volume of the supernatant 
solution remained constant. 
The following observations were made for the crystal growth with pH 3.8 and 
gel density of 1.04 gm/cc. 
 
(1) Crystal growth in test tube is shown in figure (4.1a) for supernatant 
solution-A. Prismatic and coagulated type crystals of about 1cm length  with 
light pink color were grown at the liquid-gel interface as shown in figure(4.1b), 
and a few light pink colored crystals were grown inside the gel as exhibited in 
figure(4.1c). 
 
(2) Crystal growth is exhibited in figure (4.2a) for supernatant solution-B. 
Very small crystals of light brown color were grown at the liquid-gel interface, 
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which are shown in figure (4.2b). Below the liquid-gel interface, after passing 
through nearly 2mm of clear gel, one could encounter 1cm thick band of 
whitish colloidal precipitates. No crystals were seen in this band. Inside the 
gel, coagulated crystal of about 1cm diameter, with pinkish brown color and 
semi-transparent in nature, was observed, which is shown in figure (4.2c). 
 
(3) Figure (4.3a) shows the crystal growth in test tube for supernatant 
solution-C. Small crystals of greenish brown color were grown at the liquid-gel 
interface, which are shown in figure (4.3b). After nearly 3mm of clear gel, a 
thick layer of 1cm width of whitish colloidal precipitates was observed. Figure 
(4.3c) shows light greenish brown crystals, which were grown inside the gel.  
 
(4) Figure (4.4a) shows the crystal growth in the test tube for the 
supernatant solution-D. At the liquid-gel interface, very small brown color 
crystals were grown, which are shown in figure (4.4b). Nearly 4mm below the 
liquid-gel interface a thick band of white colloidal precipitate of about 7mm in 
thickness was observed. Figure (4.4c) shows varieties of different colored 
crystals such as,   light green, brown and greenish brown. Spherulitic crystals 
having diameter of about 5mm were grown near precipitate and inside the gel. 
(5) The nature of crystal growth in test tube is shown in figure (4.5a) for 
supernatant solution-E. Very small dark brown crystals were grown at the 
liquid-gel interface, which are shown in figure (4.5b). Nearly 5mm below the 
liquid-gel interface a thick band of white colloidal precipitates of about 4mm in 
thickness was observed. Light green, brown and greenish brown spherulitic 
crystals having diameter of about 7mm were grown within the precipitate band 
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as well as inside the gel, which were semi-transparent in nature, and shown in 
figure (4.5c). 
 
(6) The type of crystal growth in test tube is shown in figure (4.6a) for 
supernatant solution-F. There was no direct reaction observed and hence no 
crystal was grown at the liquid-gel interface. Also colloidal precipitate was not 
found here. Below the liquid-gel interface, greenish brown and dark brown 
spherulitic crystals with nearly 7mm diameter were observed. The crystals 
were semi-transparent in nature and figure (4.6b) shows the types of crystals 
harvested. 
 
 
 
 
 
 
 
 
 
                  a                     b                     c  
Figure (4.1): Crystal growth of sample-1 (a) within the gel (b) harvested 
crystals at gel-liquid interface (c) harvested crystals from the gel 
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                a          b                   c   
Figure (4.2): Crystal growth of sample-2 (a) within the gel (b) harvested 
crystals at gel-liquid interface (c) harvested crystals from the gel 
 
 
 
 
 
 
 
 
                    a                    b                     c   
Figure (4.3): Crystal growth of sample-3 (a) within the gel (b) harvested 
crystals at gel-liquid interface (c) harvested crystals from the gel 
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                 a                     b                       c 
Figure (4.4): Crystal growth of sample-4 (a) within the gel (b) harvested 
crystals at gel-liquid interface (c) harvested crystals from the gel 
 
 
 
 
 
 
 
 
 
                a                      b                      c   
Figure (4.5): Crystal growth of sample-5 (a) within the gel (b) harvested 
crystals at gel-liquid interface (c) harvested crystals from the gel 
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                    a             b        
Figure (4.6): Crystal growth of sample-6 (a) within the gel (b) harvested 
crystals from the gel 
 
Approximately 3 days were taken to set the gel in almost all cases 
mentioned above and approximately 20 days were taken for complete growth 
of the crystals. Almost in all cases a clear gel was found bellow the liquid-gel 
interface, which may be due to having not enough number of cations and 
anions to form the product. As amount of FeSO4 in the supernatant solutions 
was increased, one could notice that the coloration of the crystals changed 
from whitish pink to dark brown. The spongy colloidal precipitates were 
observed in all the cases except for the supernatant solution-A.  
When the supernatant solution is poured on the set gel, the 
concentration gradient is established by the diffusing reactants in the gel and 
it is the maximum at the gel-liquid interface. This can be verified by changes 
in the colors of the grown crystals on going towards the bottom of gel 
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columns. The crystals become lighter in color when one moves towards the 
bottom of the gel column. The white spongy precipitates were observed by 
Joseph12. The occurrence of white spongy precipitates has already been 
discussed in 2.11 of Chapter 2. 
4.4  Optically Sensitive Tartaric Acids 
Tartaric acid (2, 3-dihydroxy Butanedioic acid, 2, 3-dihydroxy Succinic acid), 
C4H4O6, is a dihydroxy dicarboxylic acid with two chiral centers. It exists as 
the dextro and levo rotatory acid, the meso- form (which is inactive owing to 
internal compensation) and the racimic mixture (which commonly is known as 
racimic acid). The commercial product in the U.S. is the natural, dextro 
rotatory form, (R-R*, R*)-tartaric acid, L (+) tartaric acid. This enantiomer 
occurs in grapes as its acid potassium salt (cream of tartar). In the 
fermentation of wine, these salt deposits are found. Shallenberger 23 in 1989, 
first obtained free crystallized tartaric acid from such fermentation residues. 
The dextro and levo rotatory tartaric acids as well as meso tartaric acid are 
shown in figure (4.7) in stereo-chemical configuration in tabular form. 
It is deduced that when the tetrahedral carbon was substituted with four 
different groups, with the bond directed towards the apices of the             
tetrahedron, two mirror image forms are possible that are not   
superposable.24-25
The concept of this theory intends to convey is that the tetrahedral are 
geometrically irregular because the four different carbon substituents are of 
different size. Therefore, no two sides of tetrahedral have the same length, 
nor do any of the four faces have the same area23. 
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(R-R*, R*)- 
tartaric acid  
Dexto-Tartaric 
acid 
(S-R*, R*)- tartaric 
acid Levo-tartaric 
acid 
Meso tartaric acid 
       COOH 
       І 
H►C◄ OH 
       І 
HO►C◄ H 
       І 
      COOH 
 
 
         COOH 
          I 
HO►C◄ H 
          I 
   H►C◄ OH 
          I 
         COOH 
      COOH 
       I 
H►C◄ OH 
       I 
H►C◄ OH 
       I 
      COOH 
 
Figure (4.7) Types of tartaric acids 
4.5  Characterization of Crystals 
4.5.1  Energy Dispersive Analysis of X-ray (EDAX) study 
In order to find out the elemental composition of the grown crystals, the EDAX 
is carried for mixed crystals. 
As the sample-1 and sample-6 are pure manganese levo (or dextro) 
tartrate and iron levo (or dextro) tartrate samples, respectively, the EDAX 
spectra were not recorded. The EDAX spectra are shown in figures (4.8) (a) 
to (d) for mixed Mn-Fe levo tartrate samples, i.e., from sample-2 to sample-5. 
Expected and observed atomic % is tabulated in table (4.1).  
 One can find from figures (4.8) (a) to (d) that the elemental contribution 
of O is due to tartrate ions and water of hydration, where as the presence of 
Cr may be due to impurity present in various chemicals used for the synthesis 
and growth of crystals. 
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Figure (4.8a): The EDAX spectrum for sample-2( Mn0.68Fe0.32C4H4O6·2H2O)  
 
 
 
Figure (4.8b): The EDAX spectrum for sample-3 (Mn0.42Fe0.58C4H4O6·1.5 
H2O) 
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Figure (4.8c): The EDAX spectrum for sample-4 (Mn0.22Fe0.78C4H4O6·2 
H2O)  
 
Figure (4.8d): The EDAX spectrum for sample-5 (Mn0.15Fe0.85C4H4O6·2.5 
H2O)  
 From table (4.1) one can notice that the expected and observed values 
of the atomic weight percentages do not match exactly. In the crystalline 
lattice, due to different ionic radii and the electronic configuration of the 
various atoms, they do not take positions exactly it has been estimated. It can 
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also be noticed that atomic percent of iron present in crystals is higher than 
theoretically expected values in all the four compounds, contrary to this, 
manganese is found less than the theoretically expected values. This may be 
due to the electronic configuration of the elements used. Manganese ion has 
half field orbital, therefore, it is a stable ion, while iron has more than half field 
orbital and due to this it is unstable and hence the tendency to form 
compound is higher in iron than the manganese.26 The ionic radii of Mn++ and 
Fe++ are (0.80Å) and (0.74Å), respectively.27   
 Proposed formula and the estimated formula for the relevant crystal are 
tabulated in the following table (4.2). 
 
Table (4.1): EDAX result for Mn-Fe mixed levo tartrate crystals  
Expected 
Atomic Weight
In % 
Observed 
Atomic Weight 
In % 
(From EDAX) 
Element Element 
No. 
 
Sample 
Mn Fe Mn Fe 
1 MnC4H4O6·1.5 H2O 100 0 - - 
2 Mn0.8Fe0.2C4H4O6·2 H2O 80 20 68 32 
3 Mn0.6Fe0.4C4H4O6·1.5 H2O 60 40 42 58 
4 Mn0.4Fe0.6C4H4O6·2 H2O 40 60 22 78 
5 Mn0.2Fe0.8C4H4O6·2.5 H2O 20 80 15 85 
6 FeC4H4O6·2.5 H2O 0 100 - - 
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Table (4.2): Proposed and estimated formula for Mn-Fe mixed levo 
tartrate crystals 
Sample  
No. 
Proposed formula for the 
Sample  
Estimated formula from the 
 EDAX 
1 MnC4H4O6·1.5 H2O MnC4H4O6·1.5 H2O 
2 Mn0.8Fe0.2C4H4O6·2 H2O Mn0.68Fe0.32C4H4O6·2 H2O 
3 Mn0.6Fe0.4C4H4O6·1.5 H2O Mn0.42Fe0.58C4H4O6·1.5 H2O 
4 Mn0.4Fe0.6C4H4O6·2 H2O Mn0.22Fe0.78C4H4O6·2 H2O 
5 Mn0.2Fe0.8C4H4O6·2.5 H2O Mn0.15Fe0.85C4H4O6·2.5 H2O 
6 FeC4H4O6·2.5 H2O FeC4H4O6·2.5 H2O 
(Water molecules associated with formulae given in tables 4.1 and 4.2 are as 
reported by Vohra16) 
 In the present chapter the formulae for mixed Mn-Fe levo tartrate 
compounds are used as per given in table (4.2). 
4.5.2 Powder XRD study of pure and mixed Mn-Fe levo 
tartrate crystals 
The Powder X-ray Diffraction (XRD) study of pure and mixed Mn-Fe levo 
tartrate crystals and calcined pure and mixed Mn-Fe levo tartrate crystals is 
reported. 
 
4.5.2.1 Powder XRD study of pure and mixed Mn-Fe levo 
tartrate crystals 
Many pure and mixed crystals of metal tartrate compounds have been studied 
by using powder XRD. Kansara14 has studied the pure and mixed tartrate 
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crystals of manganese and strontium and found that unit cell parameters 
prefer the values according to the content involved in the sample. It has been 
observed by Kansara14 that in case of higher strontium content the mixed 
crystals attain almost the crystal structure as well as the unit cell parameters 
of strontium tartrate and the sudden flip is observed as the content of 
manganese increases in the mixed crystals and opt for crystal structure of 
manganese tartrate. Whereas, Joseph12 has studied the mixed crystals of 
iron-nickel and iron-cobalt tartrate and found no systematic variation in the cell 
parameter values of the crystals and they almost retain the structure of iron 
tartrate crystals. 
In the present study, an attempt is made to find out the effect of the 
variation in the proportion of manganese and iron in the mixed Mn-Fe levo 
tartrate crystals in the perspective of the unit cell parameters.  
Figures (4.9) (a) to (f) indicate X-ray diffraction patterns of pure and 
mixed manganese-iron levo tartrate crystals. The cell parameters were 
obtained by computer software Powder-X, which are tabulated in table (4.3). 
It can be noticed from table (4.9) that all crystals possess orthorhombic 
nature and initially for manganese content crystals, they exhibit the structure 
similar to that of manganese levo tartrate; on the other hand, as the iron 
content increases there is a flip to the structure similar to iron levo tartrate. 
The larger difference in ionic radii values of Fe++ and Mn++( Fe++= 0.74 Å,  
Mn++=0.80Å) and comparatively less reactivity of Mn++ ion in mixed crystals 
may be responsible for this flip. It is interesting to see that the sample 
Mn0.42Fe0.58C4H4O6·1.5H2O accommodates a shift from manganese levo 
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tartrate type structure to iron levo tartrate type structure. Tables (4.3) to (4.8) 
are the result of the X-ray diffraction for the crystals. 
 
 
 
Figure (4.9 a,b,c): The Powder XRD patterns for (a) MnC4H4O6·1.5 H2O(b) 
Mn0.68Fe0.32C4H4O6·2.5 H2O and (c) Mn0.42Fe0.58C4H4O6·1.5 H2O crystals 
Growth and Characterization of Manganese-Iron Mixed Tartrate Crystals 
124 
 
CHAPTER-IV 
 
 
 
Figure (4.9 d,e,f): The Powder XRD patterns for (d) Mn0.22Fe0.78C4H4O6·2 
H2O (e) Mn0.15Fe0.85C4H4O6·2.5 H2O and (f) FeC4H4O6·2.5 H2O crystals 
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Table (4.3): X-ray diffraction results for MnC4H4O6·1.5 H2O crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
14.194 224.42 6.23953 (001) 
15.768 109.40 5.62019 (020) 
16.732 54.50 5.29840 (101) 
21.356 98.15 4.16049 (021) 
23.055 113.14 3.85751 (121) 
25.631 65.46 3.47535 (130) 
34.848 39.75 2.57444 (212) 
36.389 44.62 2.46888 (330) 
37.584 53.36 2.39306 (222) 
43.731 65.69 2.06989 (013) 
47.574 41.57 1.91129 (412) 
51.132 41.12 1.78632 (521) 
 
Table (4.4): X-ray diffraction results for Mn0.68Fe0.32C4H4O6·2 H2O crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
11.865 26.85 7.45844 (110) 
14.191 190.41 6.24088 (001) 
15.896 47.65 5.57504 (020) 
16.779 70.23 5.28350 (101) 
21.371 79.43 4.15767 (021) 
23.120 99.40 9.84695 (121) 
25.687 46.17 9.46794 (130) 
26.310 33.08 3.38720 (300) 
34.925 28.59 2.56892 (212) 
36.463 32.96 2.46401 (141) 
37.649 44.19 2.38909 (222) 
43.854 36.90 2.06439 (430) 
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Table (4.5): X-ray diffraction results for Mn0.42Fe0.58C4H4O6·1.5 H2O crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
11.561 9.01 7.65422 (001) 
12.177 6.96 7.26825 (001) 
14.282 40.08 6.20107 ()011 
15.961 29.50 5.55264 (020) 
19.102 7.44 4.64592 (120) 
20.002 14.07 4.43885 (200) 
21.556 12.47 4.12230 (210) 
23.077 14.68 3.85400 (201) 
25.820 23.58 3.45044 (220) 
31.559 9.24 2.83484 (230) 
43.921 16.95 2.06137 (151) 
51.568 6.99 1.77224 (500) 
 
Table (4.6): X-ray diffraction results for Mn0.22Fe0.78C4H4O6·2 H2O crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
13.648 58.74 6.48772 (011) 
14.772 102.64 5.99647 (101) 
16.756 221.95 5.29082 (111) 
19.338 29.87 5.58977 (120) 
21.645 50.52 4.10561 (002) 
23.810 111.59 3.73700 (102) 
25.040 49.51 3.55613 (030) 
28.044 43.23 3.18163 (221) 
29.256 23.37 3.05250 (122) 
30.885 72.63 2.89515 (310) 
46.388 35.23 1.95732 (233) 
48.344 44.56 1.88260 (251) 
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Table (4.7): X-ray diffraction results for Mn0.15Fe0.85C4H4O6·2.5 H2O crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
13.660 76.76 6.48241 (011) 
14.787 133.29 5.99056 (101) 
16.781 245.23 5.28300 (111) 
19.384 30.75 4.57894 (120) 
21.733 47.81 4.08916 (002) 
23.828 112.85 3.73412 (102) 
25.127 36.50 3.54392 (030) 
29.284 31.68 3.04971 (122) 
30.931 85.40 2.89091 (212) 
46.509 38.77 1.95253 (114) 
38.469 47.81 1.87806 (251) 
50.174 30.91 1.81815 (422) 
 
Table (4.8): X-ray diffraction results for FeC4H4O6·2.5 H2O crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
13.661 96.84 6.48162 (011) 
14.802 150.08 5.98451 (101) 
16.806 260.91 5.27505 (111) 
19.418 27.97 4.57106 (021) 
21.773 44.13 4.08167 (002) 
23.837 110.58 3.73274 (102) 
25.191 33.97 3.53511 (112) 
28.155 28.17 3.16935 (221) 
29.326 27.99 3.04536 (122) 
30.985 80.57 2.88604 (212) 
46.578 31.20 1.94978 (402) 
48.527 46.69 1.87596 (124) 
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Table (4.9): The cell parameters for Mn-Fe levo tartrate crystals with 
α=β=γ=90° 
Unit cell parameters Sample  
No. 
Sample 
a (Ǻ) b (Ǻ) c (Ǻ) 
1 MnC4H4O6.1.5H2O 9.7559 11.2290 6.2278 
2 Mn0.68Fe0.32C4H4O6·2 H2O 9.7897 11.1000 6.1997 
3 Mn0.42Fe0.58C4H4O6·1.5 H2O 8.8570 11.0357 7.5000 
4 Mn0.22Fe0.78C4H4O6·2 H2O 8.9200 10.6990 8.1989 
5 Mn0.15Fe0.85C4H4O6·2.5 H2O 8.8810 11.1290 8.1800 
6 FeC4H4O6.2.5 H2O 8.7588 10.9889 8.1900 
(Water molecules associated with formulae given in tables 4.3 to 4.9 are as 
reported by Vohra16) 
 
4.5.2.2 Calcined Mn-Fe Levo Tartrates 
Oxides find many applications in various fields of science and technology, 
which have made them one of the fore runners in material science.  
There are certain applications of manganese oxide and iron oxide. 
Manganese oxide octahedral molecular sieves have many applications in 
chemical technology.28 A rechargeable cell is patented based on manganese 
oxide.29 Moreover, manganese dioxide finds applications in electromagnetic 
wave absorber from 2-12 GHz frequency range.30 Manganese oxide minerals 
have been studied for crystal structure, and economic and environmental 
significance.31 The layered structure of MnO2 is used for cathode material in 
lithium rechargeable cell.32 MnO2 is having several polymorphs, such as α-
CHAPTER-IV 
Growth and Characterization of Manganese-Iron Mixed Tartrate Crystals 
130 
 
MnO2, γ-MnO2,  Є- MnO2, λ-MnO2 and β-MnO2.33,34,35 2  The α-MnO is also 
known as hollandite, which is well studied by Zhang and Burnham.36 
Moreover, (LiO)0.12 2MnO  hollandite type structure has been studied and found 
to be tetragonal with a=9.993(1) Ǻ, c=2.853(3) Ǻ.37 Modeling of lattice and 
magnetic thermal disorder in manganese oxide has been discussed in detail 
by Mellergärd et al.   38
On the other hand, ferrous oxide (Wűstite) Fe1-xO is paramagnetic and 
crystallizes with a NaCl type structure at ambient conditions, but this structure 
converts into a rhombohedral structure in case of applying pressure in a 
diamond anvil cell.39 The crystal structure of hematite is reported to be 
hexagonal with a=5.038Ǻ, b=5.038 Ǻ, c=13.772Ǻ, α=90˚, β=90˚, γ=120˚ and 
space group R3c.40
Therefore, an attempt is made to obtain the oxides from the respective 
Mn-Fe levo tartrate crystals, by calcination at 750°C for 60 minutes in alumina 
crucibles. The powder XRD analysis of the calcined crystals was carried out. 
 Figures (4.10) (a) to (f) show the powder XRD patterns of the calcined 
Mn-Fe levo tartrate crystals. Figure (4.10)(a) shows the pure manganese 
oxide, which defers from the other patterns involving iron content. Figure 
(4.10) (b) shows the difference with respect to first one which is reflected in 
the unit cell parameter values tabulated in the table (4.16). Figure (4.10) (c) 
has the different nature with respect to first two patterns, one can notice by 
comparing it with the second one that the unit cell parameter values show 
variation in the b and c parameters, moreover,  the difference is confirmed 
from the powder XRD patterns also. All these three samples show different 
natures.  
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 Figures (4.10) (d) to (f) show the patterns of the oxides of the 
remaining pure and mixed Mn-Fe levo tartrate crystals. One can conclude that 
due to the higher concentration of iron in these crystals, as it has been 
confirmed by EDAX, the XRD patterns, unit cell parameter values and the 
crystal systems show almost the same nature. The crystal structure is 
hexagonal.  Tables (4.10) to (4.15) show the data of powder XRD in terms of 
2θ, relative intensity, interplanar spacing and the assignment of planes for the 
calcined Mn-Fe mixed levo tartrate crystals. 
The calcined samples suggest excessive amount of oxygen in the bulk, which 
can be seen from table (4.16). 
As per the literature, the manganese oxide  (Mn3O4)41 have the unit cell  
a= 5.7621 Ǻ, b=5.7621 Ǻ and c=9.4696 Ǻ. The unit cell parameters of Fe2O342 
are a=5.0142 Ǻ, b=5.0142 Ǻ, c=13.6733 Ǻ with hexagonal structure. The unit 
cell parameters reported in table (4.16) corresponds to the reported values. In 
the calcined samples also alike pure and mixed Mn-Fe levo tartrate crystals a 
flip in the crystal structure is observed. It can be noticed from table (4.16) that 
the crystal structure of MnO1.2
0.68 0.32 1.4 
0.42 0.58 1.4 
0.22 0.78 o.1  
0.15 0.85 1.4 1.3
 is tetragonal and on increasing iron in the 
crystals the crystal structure changes. In case of Mn Fe O the structure 
is cubic, whereas Mn Fe O shows orthorhombic structure. On further 
increasing the iron content in remaining samples, Mn Fe O ,
Mn Fe O and FeO  show hexagonal crystal structure this may be due 
to the presence of higher content of the iron in the crystals. 
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Figure (4.10 a,b,c): The Powder XRD patterns for the oxides of calcined 
crystals (a) MnO1.2  (b) Mn0.42Fe0.58O1.4and (c) Mn0.68Fe0.32O1.4
Growth and Characterization of Manganese-Iron Mixed Tartrate Crystals 
132 
 
CHAPTER-IV 
 
 
 
Figure (4.10 d,e,f,): The Powder XRD patterns for the oxides of calcined 
crystals (d) Mn0.22Fe0.78 O0.1  (e) Mn0.15Fe0.85O1.4  and (f) FeO1.3
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Table (4.10):Powder X-ray diffraction results for MnO1.2  crystal 
 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
18.040 66.58 4.91703 (101) 
28.932 152.00 3.08601 (112) 
31.069 74.15 2.87843 (200) 
32.357 332.68 2.76671 (103) 
36.149 613.32 2.48468 (211) 
38.029 104.64 2.36607 (004) 
44.501 125.68 2.03587 (220) 
50.766 142.93 1.79834 (105) 
58.599 198.31 1.57527 (321) 
59.919 355.50 1.54368 (224) 
64.732 144.60 1.44004 (400) 
74.202 73.77 1.27796 (413) 
 
 
Table (4.11): Powder X-ray diffraction results for Mn0.68Fe0.32O1.4 crystal 
 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
23.159 107.28 3.84053 (211) 
32.971 1086.99 2.71658 (222) 
38.253 161.53 2.35276 (400) 
45.181 99.03 2.00679 (332) 
49.365 127.08 1.84605 (431) 
55.202 426.87 1.66388 (440) 
60.637 53.46 1.52710 (532) 
64.097 78.67 1.45277 (541) 
65.801 253.89 1.41921 (622) 
67.463 55.01 1.38824 (631) 
69.114 36.63 1.35906 (444) 
73.990 40.26 1.28109 (552) 
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Table (4.12): Powder X-ray diffraction results for Mn0.42Fe0.58O1.4 crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
23.105 6.93 3.84934 (201) 
24.105 11.69 3.69186 (220) 
32.922 61.81 2.72049 (022) 
35.581 30.84 2.52307 (212) 
38.187 10.18 2.35666 (222) 
40.826 9.15 2.21024 (312) 
49.429 20.37 1.84382 (440) 
54.084 17.63 1.69560 (233) 
55.147 17.72 1.66539 (043) 
62.399 10.13 1.48815 (460) 
63.984 10.54 1.45506 (253) 
65.720 7.82 1.42076 (134) 
 
 
Table (4.13): Powder X-ray diffraction results for Mn0.22Fe0.78O0.1  crystal 
 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
24.378 54.51 3.65119 (011) 
33.413 318.31 2.68167 (112) 
35.863 249.35 2.50387 (10-1) 
41.104 94.33 2.19591 (120) 
49.703 191.67 1.83427 (022) 
54.334 265.19 1.68838 (231) 
57.867 57.28 1.59342 (233) 
62.674 184.17 1.48228 (301) 
64.219 180.69 1.45030 (1-21) 
72.266 79.09 1.30734 (343) 
75.673 42.97 1.25673 (412) 
8-3.222 35.23 1.16085 (424) 
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Table (4.14): Powder X-ray diffraction results for Mn0.15Fe0.85O1.4  crystal 
 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
24.386 56.97 3.64996 (011) 
33.402 356.09 2.68247 (112) 
35.866 269.24 2.50366 (10-1) 
41.101 102.02 2.19604 (120) 
49.702 203.87 1.83433 (022) 
54.318 286.63 1.68883 (231) 
57.842 60.70 1.69406 (233) 
62.673 188.95 1.48230 (301) 
64.231 195.66 1.45005 (1-21) 
72.210 77.13 1.30821 (343) 
75.664 43.95 1.25685 (412) 
80.932 33.34 1.18782 (01-3) 
 
Table (4.15): Powder X-ray diffraction results for FeO1.3  crystal 
 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
24.453 38.33 3.64007 (011) 
33.469 280.84 2.67805 (112) 
35.932 221.23 2.49924 (10-1) 
41.169 94.20 2.19259 (120) 
49.756 192.46 1.83247 (022) 
54.362 254.21 1.68757 (231) 
57.878 58.79 1.59314 (233) 
62.726 194.40 1.48117 (301) 
64.289 191.33 1.44889 (331) 
72.235 75.17 1.30783 (343) 
75.723 43.38 1.25602 (412) 
83.228 36.40 1.16078 (424) 
 
 
CHAPTER-IV 
Table (4.16): The unit cell parameters for the calcined Mn-Fe levo tartrate 
crystals or oxide samples 
 
Cell parameters No. Calcined sample (oxide) 
a (Ǻ) b (Ǻ) c (Ǻ) 
α 
(°) 
β 
(°) 
γ 
(°) 
1 MnO1.2 5.7621 5.7621 9.4696 90 90 90 
2 Mn0.68Fe0.32O1.4 9.4304 9.4304 9.4304 90 90 90 
3 Mn0.42Fe0.58O1.4 9.7839 11.2291 6.2280 90 90 90 
4 Mn0.22Fe0.78Oo.1 5.0362 5.0362 13.7366 90 90 120
5 Mn0.15Fe0.85O1.4 5.0358 5.0358 13.7306 90 90 120
6 FeO1.3 5.0003 5.0003 13.7002 90 90 120
 
4.5.3  Thermal Study of the Mn-Fe Dextro Tartrate 
Crystals 
Thermo Gravimetric Analysis (TGA) is a very useful technique to assess the 
thermal stability of various substances; many workers have demonstrated its 
usefulness 43-44-45-46. 
In TGA, the weight of a sample in a controlled atmosphere is recorded 
continuously as a function of temperature or time, as the temperature of the 
sample is increased (usually linearly with time). A plot of mass or mass 
percent as a function of temperature is called a thermogram, or a thermal 
decomposition curve, or a pyrolysis curve. Often a pyrolysis occurs through 
many-stepped mechanisms, where the temperature ranges for each step 
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overlap, resulting in irregular weight-temperature curve that may be difficult to 
analyze. Also, in many cases the trace follows a characteristics path common 
to a wide range of decomposition processes, which includes many polymer 
pyrolysis. The sample weight drops slowly as pyrolysis begins, then drops 
precipitously over a narrow range of temperature and finally turn back to zero 
slope as the reactants are used up. 
Many researchers have studied the thermal study of various tartrate 
compounds, e.g., iron (II) tartrate12, iron-nickel mixed tartrate12, strontium 
tartrate14and copper, zinc and cadmium tartrates17.  
Recently, the thermal stability of ytterbium tartrate trihydrate crystals47 
has been studied by thermogravimetry. Also, it has been found that the 
thermal stability and microstructure of calcium tartrate depends on type of 
doping Sr, Ba, Co, Zn and Cd48   
As the crystals of Mn-Fe mixed levo tartrate has been grown and 
characterized by Vohra,16 in the present study, Mn-Fe dextro tartrate crystals 
have been grown and characterized for the thermal stability by 
thermogravimetry analysis . 
 
 Figure (4.11) shows the thermogram of the MnC4H4O6.nH2O crystal, 
which indicates that the compound is stable up to 70°C and then starts losing 
crystalline water and  becomes anhydrous at 125°C after losing approximately 
12 % weight of its original weight. Above 330°C temperature, the weight loss 
is very rapid and decomposition process occurs between 330°C to 380°C with 
the loss of nearly further 42 % of its original weight. Beyond this temperature 
an intermediate stage of the decomposition is found in which the 
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decomposition process is slow compared to last stage and the weight loss of 
approximately 7% is noticed during this stage. Thereafter, the sample remains 
almost stable in oxide form. Almost 69% of original weight is lost during the 
analysis. Table (4.17) shows the results of thermal decomposition in terms of 
theoretically calculated and experimentally attained weight losses. From the 
analysis it is found that 1.6 water molecules are associated with the crystal. 
Figure (4.11): Thermogram of the MnC4H4O6.1.6H2O crystal 
 
Table (4.17): The decomposition process of MnC4H4O6·1.6 H2O crystal 
and TG results. 
Temperature
(°C) 
Substance Theoretical 
Weight (%) 
(calculated) 
Experimental 
Weight (%) 
(from plot) 
Room 
Temperature
 
MnC4H4O6
.1.6H2O 
100 100 
125 MnC4H4O6 87 88 
460 MnO+(1/2)O 33.83 33 
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 Figure (4.12) shows the thermogram of the Mn0.68Fe0.32C4H4O6·n H2O 
crystal, which indicates that the compound is stable up to 60°C and then 
starts losing crystalline water and  becomes anhydrous at 140°C after losing 
the approximately 13 % weight of its original weight. A rapid decomposition 
process occurs between 240°C to 380°C in which the loss of nearly further 46 
% of its original weight is noticed. Beyond 380°C temperature the process is 
slowed down with further loss of approximately 5% of the original weight. 
Sample remains almost in stable state of oxide form up to the end of the 
process. Almost 67% of original weight is lost during the analysis. Table (4.18) 
shows the results of thermal decomposition in terms of theoretically calculated 
and experimentally attained weight losses. From the analysis it is found that 
1.7 water molecules are associated with the crystal. 
Temperature /°C 
 
Figure (4.12): Thermogram of the Mn0.68Fe0.32C4H4O6·1.7 H2O crystal 
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Table (4.18): The decomposition process of Mn0.68Fe0.32C4H4O6·1.7 crystal 
and TG results. 
 
Temperature
(°C) 
Substance Theoretical 
Weight (%) 
(calculated) 
Experimental 
Weight (%) 
(from plot) 
Room 
Temperature
Mn0.68Fe0.32C4H4O6·1.7 H2O 100 100 
140 Mn0.68Fe0.32C4H4O6 86.6 87 
440 Mn0.68Fe0.32O+(1/2)O 33.75 33 
 
Figure(4.13) shows the thermogram of Mn0.42Fe0.58C4H4O6·n H2O 
crystal, which shows the crystal is stable up to 70°C and then dehydration 
takes place and becomes dehydrated at 140°C after the loss of approximately 
15% of its original weight. This weight remains constant for temperature up to 
200°C and then decomposition takes place and an oxide state is obtained at 
approximately 420°C. The crystal has lost approximately further 51% of its 
original weight during this decomposition. Above 420°C temperature sample 
remains stable up to the end of the analysis. Table (4.19) shows the results of 
thermal decomposition in terms of theoretically calculated and experimentally 
attained weight losses. From the analysis it is found that 2 water molecules 
are associated with the crystal. 
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Figure (4.13): Thermogram of the Mn0.42Fe0.58C4H4O6·2 H2O crystal 
 
Table (4.19): The decomposition process of Mn0.42Fe0.58C4H4O6·2 H2O 
crystal and TG results. 
Temperature
(°C) 
Substance Theoretical 
Weight (%) 
(calculated) 
Experimental 
Weight (%) 
(from plot) 
Room 
Temperature
Mn0.42Fe0.58C4H4O6·2 H2O 100 100 
140 Mn0.42Fe0.58C4H4O6 84.44 85 
420 Mn0.42Fe0.58 O+(1/2)O 32.97 33 
 
Figure (4.14) shows the thermogram of Mn0.22Fe0.78C4H4O6·n H2O 
crystal . It can be noticed from figure that the crystal losses the water 
molecules associated with it from the room temperature up to 70°C then a 
rapid loss of water molecules begins, which ends at temperature 125°C and 
hence crystal becomes anhydrous crystal at 125°C. During this process a loss 
of 18% of its original weight is noticed and the crystal remains stable up to few 
tens of degrees of Celsius temperature increment and then a decomposition 
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stage is started at approximately 200°C, which ends at temperature 360°C. 
During this decomposition stage approximately further 53% of its original 
weight is lost. Above this temperature, up to the end of the analysis crystal 
remains almost stable by losing negligible weight. From this analysis 2.6 
molecules are found to be associated with the crystal. Table (4.20) shows 
various stages of decomposition with temperature and weights loss values.      
TG/% 
 
Figure (4.14): Thermogram of the Mn0.22Fe0.78C4H4O6·2.6 H2O crystal 
 
Table (4.20): The decomposition process of Mn0.22Fe0.78C4H4O6·2.6 H2O 
crystal and TG results. 
Temperature
(°C) 
Substance Theoretical 
Weight (%) 
(calculated) 
Experimental 
Weight (%) 
(from plot) 
Room 
Temperature
Mn0.22Fe0.78C4H4O6·2.6 H2O 100 100 
125 Mn0.22Fe0.78C4H4O6 81.19 82 
360 Mn0.22Fe0.78 O+1.5O 38.12 37 
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 The thermogram of Mn0.15Fe0.85C4H4O6·n H2O crystal is shown in 
figure (4.15), which shows that the crystal is stable up to approximately 80°C 
and then starts expelling the water of hydration and becomes anhydrous at 
132°C. Approximately 16% of its original weight is lost during this dehydration 
process. A stable stage is noticed from 132°C to 180°C, which is followed by 
a decomposition stage and at 400°C after the lost of approximately 49% of its 
original weight a stable state is obtained then up to the end of process the 
sample remains stable showing no loss of weight. During this analysis total 
weight loss is of approximately 68%. From the analysis it is found that 2.2 
water molecules were attached with the crystal. Table (4.21) shows the result 
of thermogravimatric analysis in terms of temperature, theoretical weight loss, 
practical weight loss and the decomposition stages.  
 
Figure (4.15): Thermogram of the Mn0.15Fe0.85C4H4O6·2.2 H2O crystal 
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Table (4.21): The decomposition process of Mn0.15Fe0.85C4H4O6·2.2 H2O  
crystal and TG results. 
Temperature
(°C) 
Substance Theoretical 
Weight (%) 
(calculated) 
Experimental 
Weight (%) 
(from plot) 
Room 
Temperature
Mn0.15Fe0.85C4H4O6·2.2 H2O 
 
100 100 
132 Mn0.15Fe0.85C4H4O6
 
83.54 84 
400 Mn0.15Fe0.85O+(1/2)O 32.68 33 
 
The thermogram of FeC4H4O6·n H2O crystal is shown in figure (4.16), 
which indicates a stable stage of crystal up to 60°C then a dehydration stage 
starts and ends at temperature 133°C. During dehydration the substance has 
lost the weight of approximately 17% of its original weight. Beyond this  
temperature a negligible weight lost up to temperature 180°C is observed, 
thereafter, a rapid decomposition up to temperature 390°C with the lost of 
further 50% of weight is noticed. Further, a stable stage is achieved up to the 
end of process. 2.5 water molecules are found to be associated with the 
crystal. Table (4.22) shows the TG results of various stages of the 
decomposition.  
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TG/% 
 
Temperature/°C 
Figure (4.16): Thermogram of the FeC4H4O6·2.5 H2O crystal 
 
Table (4.22): The decomposition process of FeC4H4O6·2.5 H2O  crystal 
and TG results. 
Temperature
(°C) 
Substance Theoretical 
Weight (%) 
(calculated) 
Experimental 
Weight (%) 
(from plot) 
Room 
Temperature
 
FeC4H4O6
.2.5H2O 
100 100 
133 FeC4H4O6 82.2 84 
390 FeO+(1/2)O 32.19 32 
From figures (4.11) to (4.16) it can be noticed the following characteristics 
of the samples. 
(i) All most all samples show the occurrence of   dehydration within 60°C  
      to 80°C depending on the composition. 
(ii) Two stages of decomposition are observed, one stage is of dehydration   
and the last stage of oxide. 
(iii) A stable oxide stage is observed. 
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Vohra16 has studied thermogravimetry analysis of pure and mixed Mn-Fe 
levo tartrate crystals of MnC4H4O6·1.5 H2O, Mn0.68Fe0.32C4H4O6·2 H2O, 
Mn0.22Fe0.78C4H4O6·2 H2O, Mn0.15Fe0.85C4H4O6·2.5 H2O and FeC4H4O6·2.5 
H2O compositions. It was found that in these samples the occurrence of 
dehydration is from 125°C to 135°C and final oxide state beyond 435 °C. In 
both cases moving from pure Mn levo tartrate crystal to pure Fe levo tartrate 
crystal the stable stages of oxide were achieved with decreasing order of 
temperature with minor change in the respective temperature values. These 
results correspond the results of Vohra16 .The levo and dextro rotatery tartaric 
acid has no major influence on the thermal decomposition processes. 
However, Dabhi17 found slight variations in the different decomposition stages 
for copper dextro and levo tartrate crystals, zinc dextro and levo tartrate 
crystals and cadmium dextro and levo tartrate crystals. 
 
The exact formula of Mn-Fe dextro tartrate crystals can be written as 
follows after the EDAX and TGA study. 
 
Table (4.23) : The correct formula of Mn-Fe mixed dextro tartrate crystals  
 
Sample 
No. 
     Formula 
1 MnC4H4O6·1.6 H2O 
2 Mn0.68Fe0.32C4H4O6·1.7 H2O 
3 Mn0.42Fe0.58C4H4O6·2 H2O 
4 Mn0.22Fe0.78C4H4O6·2.6 H2O 
5 Mn0.15Fe0.85C4H4O6·2.2 H2O 
6 FeC4H4O6·2.5 H2O 
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In the following remaining discussion, the estimated formulae for the 
mixed Mn-Fe dextro tartrate crystals are used as mentioned in the table 
(4.23). 
 
4.5.4 Kinetic Study of Dehydration of Mn-Fe Dextro 
Tartrates 
 
The use of thermo-gravimetric data to evaluate the kinetic parameters of 
solid-state reactions involving weight loss has been investigated by many 
workers49, , ,50 51 52. If the pyrolysis occurs through a many-stepped mechanism, 
usually, the shape of the curve can be determined by the kinetic parameters 
of pyrolysis, such as order of reaction, frequency factor and energy of 
activation. Kotru et al.53  reported the kinetics of solid-state decomposition of 
neodymium tartrate. They also calculated various kinetic parameters and 
suggested that the decomposition process took place according to cylindrical 
kinetic model. Recently, the kinetics of dehydration of gypsum54, lithium 
sulphate monohydrate single crystals55 as well as the kinetic and 
thermodynamic parameters of decomposition of chromate in different gas 
atmosphere56 has been evaluated. Parekh and Joshi57 studied kinetic and 
thermodynamic parameters of pyrolysis for biomaterial calcium 
pyrophosphate. Moreover, Parikh et al58 have reported kinetic and 
thermodynamic parameters for dehydration for L-arginine doped KDP 
crystals.  
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Usually, the kinetic parameters can be evaluated from the TG curves 
by applying several equations49-52, which are proposed by different authors on 
the basis of different assumptions to the kinetics of the reaction and the 
Arrhenius law. These equations are as follows: 
(1) The Coats and Redfern Relation 
(2) The Horowitz and Metzger Relation 
(3) The Freeman and Carroll Relation 
 However, in the present investigation, the Coats and Redfern relation is 
discussed in detail because it facilitates not only to evaluate the activation 
energy and order of reaction but also the frequency factor. Thus, it helps 
evaluate the thermodynamic parameters further. 
 
Coats and Redfern (C-R) Relation 
Coats and Redfern41 derived the following equation to determine the values of 
activation energy and order of reaction. 
( )
⎭⎬
⎫
⎩⎨
⎧−⎭⎬
⎫
⎩⎨
⎧ −⎟⎠
⎞⎜⎝
⎛=⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
−− −
RT
EERT
aE
AR
nT
n
3.2
)/21(log
)1(
11log 102
1
10
α           -------- (4.1) 
Where, 
α = Fraction of the original substance decomposed at time t 
α  = (W0-W)/ (W0-Wf) 
W0 = Initial weight 
W = Weight at time t  
Wf = Final weight 
n = Order of reaction 
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A = Frequency factor 
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E = Activation energy of the reaction 
R = Gas constant   
a  = Heating rate in deg. min-1  
 To determine the value of activation energy and order of reaction, a 
plot of      -log10 [{1-(1-α) 1-n} /{T2(1-n)}]  versus 1/T is drawn for different values 
of n and the best linear plot gives the correct value of n. The activation energy 
can be calculated from the slope of the plot. The frequency factor can be 
calculated for a particular temperature using relation (4.1).  
 The equation (4.1) is not valid for value n = 1, therefore, it is modified 
as follows 
( ) ⎭⎬
⎫
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⎧−⎭⎬
⎫
⎩⎨
⎧ −⎟⎠
⎞⎜⎝
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⎤⎢⎣
⎡ −−−
−
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EERT
aE
AR
T
n
3.2
/21log)1log(log 102
1
10
α       ------- (4.2)
 The Coats-Redfern relation was solved for various values of n. The 
statistical regression analysis was applied to different values of n and the 
highest values of co-relation co-efficient indicated the best linear curve. For 
various grown crystals the best linear curves are showed in the following 
figures. 
As the kinetic parameters of the Mn-Fe levo tartrate crystals are 
already studied by Vohra,16 here the present author reported the same only for 
pure and mixed Mn-Fe dextro tartrate crystals. Figures (4.17) (a) to (f) are the 
plots of Coats and Redfern relation for Mn-Fe dextro tartrate crystals. From 
the slope of the plots the values of activation energy and frequency factor are 
calculated. 
Table (4.24) gives the values of different kinetic parameters obtained 
from the Coats and Redfern relation. The values of kinetic parameters change 
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with composition of the crystal, though crystal Mn0.42Fe0.58C4H4O6·2H2O 
shows highest values among all crystals. 
Dabhi17 has observed that the values of kinetic parameters are higher 
for copper, zinc and cadmium levo tartrate crystals than those for the dextro 
tartrate crystals of the same metals. The effect of optically sensitive tartaric 
acid was found to be responsible for this difference. In the present study pure 
Mn and pure Fe dextro tartrates show the lower values of kinetic parameters 
than that of pure Mn and Fe levo tartrates reported by Vohra16, which also 
corresponds the nature of levo tartrate and dextro tartrate compounds 
reported earlier.  
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Figure (4.17): Plots of Coats and Redfern relation for  
(a) MnC4H4O6·1.6 H2O(b) Mn0.68Fe0.32C4H4O6·1.7 H2O (c) 
Mn0.42Fe0.58C4H4O6·2 H2O (d) Mn0.22Fe0.78C4H4O6·2.6 H2O (e) 
Mn0.15Fe0.85C4H4O6·2.2 H2O and (f) FeC4H4O6·2.5 H2O crystals with 
respective order of reaction-n 
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 Where Y= -log10 [{1-(1-α)1-n }/{ T2 (1-n)}]. 
 
Table (4.24): The  values of different kinetic parameters obtained from 
the Coats and Redfern relation for Mn-Fe mixed levo tartrate crystals 
No. Sample Order of 
reaction 
n 
Activation 
Energy 
E 
kJMol-1
Frequency 
factor 
A 
 1  MnC4H4O6·1.6 H2O 0.00 74.39 1.01X1021
2 Mn0.68Fe0.32C4H4O6·1.7 H2O 0.00 66.26 7.72X1019
3 Mn0.42Fe0.58C4H4O6·2 H2O 2.25 133.70 1.12X1029
4 Mn0.22Fe0.78C4H4O6·2.6 H2O 0.75 71.99 1.52X1020
5 Mn0.15Fe0.85C4H4O6·2.2 H2O 0.00 68.84 1.10X1020
6 FeC4H4O6·2.5 H2O 0.00 62.49 1.38X1019
 
4.5.5  Thermodynamic Parameters of Mn-Fe mixed dextro  
tartrate crystals 
The thermodynamic parameters have been evaluated from the dehydration 
stage of thermogram. The standard relations for estimation of these 
parameters are as follows 59. 
The standard enthalpy of activation ∆#H° was calculated by using the 
following relation,  
          ∆#H° = E- 2RT                                                                    ------ (4.3) 
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 The standard entropy of activation ∆#S° could be calculated by using 
the following formula,  
           ∆#S° = 2.303 × R × log10 [Ah/ kTm]                                  ------- (4.4) 
Where, 
k = Boltzmann constant 
h = Plank’s constant   
Tm = Temperature 
R = Gas constant  
A = Frequency factor 
 Here, the frequency factor is obtained from equation (4.1). Also, the 
standard Gibbs energy of activation ∆#G° is possible to estimate from the 
following equation 
           ∆#G° = ∆#H°- T ∆#S°                                    ------- (4.5) 
 The standard change in the internal energy in passing from the initial to 
the activated state can be represented as  
            E= RT + ∆#U°                                                              ------- (4.6) 
 Enthalpy is a state function whose absolute value cannot be known. 
∆H can be ascertained, either by direct method or indirectly. An increase in 
the enthalpy of a system, for which ∆H is positive, is referred to as an 
endothermic process. Conversely, loss of heat from a system, for which ∆H 
has a negative value, is referred to as an exothermic process.  
 Entropy is a thermodynamic property of a system. It is a state function 
and it is defined in terms of entropy change rather than its absolute value. A 
spontaneous process has a natural tendency to occur, without the need for 
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input work into the system. In contrast to this, the non-spontaneous process 
does not have a natural tendency to occur.  
 However, ∆G is negative for a spontaneous process. An exothermic 
reaction (∆H > 0) with positive (∆S > 0) is always spontaneous. A reaction for 
which ∆H < 0 and ∆S < 0 is spontaneous only at low temperatures, whilst a 
reaction for which ∆H > 0 and ∆S > 0 is spontaneous only at high 
temperatures. The temperature at which the reaction becomes spontaneous 
in each case is given by T = ∆H/ ∆S.  
 The standard reaction free energy, ∆G0, is the change in the Gibbs free 
energy, which accompanies the conversion of reactants in their standard 
states into products in their standard states. It   can be calculated from the 
enthalpy and entropy changes for a reaction using ∆G0 = ∆H0 – T∆S0 or from 
tabulated value for the standard free energy of formation ∆G0.  
 Substances with negative values of ∆G0f (standard free energy of 
formation) are termed thermodynamically stable. Substances which have 
positive values of ∆G0f are termed thermodynamically unstable.  
 For spontaneous process, ∆S is positive and ∆G is negative. The 
relationship     ∆G = ∆H – T∆S allows predictions of the conditions under 
which a reaction is spontaneous. Temperature has a major effect on 
spontaneity of reactions. For the reactions where ∆H <0 and ∆S <0, |T ∆S| 
will be less than | ∆H| provided that T is small, and such a reaction will be 
spontaneous at lower temperatures. Conversely, when ∆H >0 and ∆S>0, |T 
∆S| will be greater than | ∆H| provided that T is large, and such a reaction will 
become spontaneous at higher temperatures. In both cases, the temperature 
CHAPTER-IV 
Growth and Characterization of Manganese-Iron Mixed Tartrate Crystals 
156 
 
at which the reaction becomes spontaneous (when ∆G = 0 ) is simply given 
by T = ∆H/ ∆S60. The prediction for the processes is given in table (4.25).  
Table (4.25): The conditions for the prediction of processes 
∆H ∆S Spontaneous or not Spontaneity favored 
by 
-ive +ive Under all conditions All conditions 
-ive -ive If | T∆S| < | ∆H| Low temperature 
+ive +ive If | T∆S| > | ∆H| High temperature 
+ive -ive Never No condition 
 
 The thermodynamic parameters for dehydration of gel grown iron (II) 
tartrate have been estimated by Joseph et al20. Altogether, the 
thermodynamic parameters have been estimated for the reactivity at 
dislocation etch-pits on anthracene single crystal cleavages by Vaishnav et 
al.61 Dabhi and Joshi62,63 have reported the thermodynamic parameters for 
dehydration of various gel grown metal-tartrate crystals. Recently, Parekh and 
Joshi57 and Parikh et al58 have reported the thermodynamic parameters of 
dehydration of calcium pyrophosphate and L-arginine doped KDP crystals, 
respectively.  
As the thermodynamic parameters of the Mn-Fe levo tartrate crystals 
are studied by Vohra16, the present author reports the study on pure and 
mixed Mn-Fe dextro tartrate crystals over here.  
Table (4.26) summarizes the values of different thermodynamic 
parameters, i.e., standard entropy, standard enthalpy, standard Gibbs free 
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energy and standard change in internal energy, obtained for dehydration of 
pure and mixed Mn-Fe levo tartrate crystalline samples.  
Table (4.26): Values of different thermodynamic parameters of pure and 
mixed Mn-Fe mixed levo tartrate crystals 
No. Sample Standard 
 Entropy 
∆# S° 
Jkmol-1
Standard  
Enthalpy 
∆#  H° 
kJ Mol -1
Standard  
Gibbs free 
 energy 
∆# G° 
kJ Mol -1
Standard  
change in 
internal 
energy  
∆# U°    
kJ Mol -1
1  MnC4H4O6·1.6 H2O 155.35 68.19 10.24 71.29 
2 Mn0.68Fe0.32C4H4O6·1.7 H2O 133.96 60.06 10.09 63.16 
3 Mn0.42Fe0.58C4H4O6·2 H2O 309.34 127.50 12.12 130.60 
4 Mn0.22Fe0.78C4H4O6·2.6 H2O 139.61 65.79 13.71 68.89 
5 Mn0.15Fe0.85C4H4O6·2.2 H2O 136.91 62.63 11.57 65.74 
6 FeC4H4O6·2.5 H2O 119.61 56.29 11.68 59.39 
 
From the table (4.26) it can be noticed that standard entropy of 
activation ∆#Sº and standard enthalpy of activation ∆#Hº are positive for all the 
samples, showing again highest values for the sample 
Mn0.42Fe0.58C4H4O6·2H2O,    and suggest that the process is spontaneous at 
high temperatures. Positive value of standard Gibbs free energy ∆#Gº 
suggests that the samples are thermodynamically unstable. However, the 
values of ∆#Gº remain almost the same for different samples. 
 Dabhi17 has reported thermodynamic parameters of dehydration of 
copper dextro and levo tartrates crystals, zinc dextro and levo tartrate crystals 
and cadmium dextro and levo tartrate crystals and concluded that the levo 
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tartrate crystals exhibit higher values of thermodynamic parameters. The 
thermodynamic parameters reported by Vohra16 for pure Mn and pure Fe levo 
tartrate crystals and same parameters  for dextro tartrate crystals as tabulated 
in table (4.26), show same behavior as in the case of kinetic parameter, 
discussed in section 4.5.5. The difference in both cases corresponds to 
results of Dabhi17.  
 
4.5.6  Dielectric studies of the Mn-Fe Levo Tartrate 
crystals 
Dielectric study is important part of materials characterizations, because it 
does not only throw light on the materials behavior under the influence of 
applied electric field but also its applications. It becomes really interesting 
case when alternating fields are applied in place of static fields. In general, for 
any molecules, there will be two possibilities when influenced by an external 
field, 
1. Molecules may have permanent dipole moments which may be aligned 
in an external field. 
2. The distances between ions or atoms may be influenced by external 
fields. 
However, the polarization in atoms or molecules is induced by an external 
field by displacing electrons with respect to the corresponding nuclei. The 
electric properties of molecules are generally characterized by three 
quantities; 
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(1) The polarizability due to electronic displacement within 
composing atoms or ions. 
(2) The polarizailty due to atomic or ionic displacement within the 
molecules (changes in bond angles and inter-atomic distances) 
(3) A permanent dipole moment. 
Notwithstanding, the discussion becomes more interesting when solid 
material is considered for dielectric study for both static and alternating fields. 
This may lead to some interesting phenomena like piezoelectric effect, 
pyroelectric effect of ferroelectric effect in certain crystals.  This has brought 
novel applications of various materials in science and technology. 
 Many workers have reported dielectric studies on single crystalline 
materials6465, ceramics6667686970, glasses717273, acrylic acid doped ethyl 
cellulose films74, poly (N- Methyl Pyrrole) thin films75, copper ferrite- barium 
titanate composites76, Mg Fe2O4 from iron ore rejects77, ferrites78, rubber 
ferrites composites79, fly ash80  and Zn- substituted cobalt ferialuminates81. 
 The dielectric properties of BaTi4O9 single crystal is reported by 
Tanaka and Kojima82 it was found that the crystals had an electric behaviour 
such as that shown by semiconductors because the dielectric constant 
decreased remarkably as frequency increased. The Q-values depended on 
crystallographic axis and frequencies. The dielectric properties of annealed 
crystals were superior to those of the as grown crystals for application to 
dielectrics. The dielectric properties of lead pathalocyanine were reported by 
Patel and Oza83. They observed that the dissipation factor varied very similar 
to dielectric constant with temperature and frequency. They concluded that 
due to molecular distortion at high temperatures, which increased the 
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dielectric constant of lead phthalocyanine. Benzil single crystal is known for its 
nonlinear optical properties. Shankar and Varma84 carried out observations of 
dielectric dispersion of benzil single crystal grown by Bridgman- Stockbarger 
technique. They observed dielectric dispersion, caused by a piezoelectric 
resonance, was observed from100 kHz to 300 kHz range. The resonance 
position was found to be dependent on the size of the sample under study, 
which was due to its piezoelectric nature. 
 A few authors reported the dielectric studies in the tartrate compounds. 
In 1990, Gon85 has detected ferroelectric properties in calcium tartrate 
crystals. Lopez et al.86 reported dielectric studies on gel grown zinc tartrate 
single crystals. Sawaguch and Goss87 reported the dielectric properties of 
lithium thiallate tartrate. The dipole patterns in the structures of some 
ferroelectrics and antiferroelectric crystals have been studied by Zheludev88, 
which includes barium titanate, KDP, Na-K tartrate, TGS, Na nitrate and Alum. 
Also, the dielectric studies of rubidium hydrogen   tartrate single crystals were 
carried out by Desai and Patel89. A dielectric study was carried out for 
C4H4O6NaK.4H2O, C4H4O6NaNH4.4H2O, C4H4O6LiNH4.H2O, C4H4O6LiTi.H2O 
and their deuterated derivatives. Dielectric constants were measured as a 
function of temperature at 1.8 – 300 K and frequencies at 800Hz and 2 kHz. 
The effects of phase transition and D substitution were analyzed90. Dabhi et 
al.91 have reported dielectric study of gel grown zinc tartrate crystals. A sharp 
peak was observed in the dielectric constant versus temperature plots at 
121.52°C indicating a phase transition. Beyond this temperature, the Curie-
Weiss law was found to be followed. They predicted ferroelectric behavior, 
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however, which could not be confirmed due to the lack of the hysteresis loop 
data. 
Recently, the dielectric study has been reported on several crystal 
systems such as γ-Fe2O392, calcium pyrophosphate tetraydrate crystals93, 
strontium tartrate94 and Mn++ doped95  and Cu++ doped96 calcium levo tartrate 
crystals and ytterbium tartrate trihydrate47. In all these studies a smooth 
decrease in the value of dielectric constant with increase in the frequency of 
applied field is observed. 
  In the present study, the dielectric constant was determined from the 
value of capacitance, area and thickness of the pellet of powdered sample in 
usual manner. The variation of dielectric constant with frequency is shown in 
the figure (4.18) for different samples of pure and mixed Mn-Fe mixed levo 
tartrate crystals. The dielectric constant decreases with increase in frequency. 
The electronic exchange of the number of ions in the crystals gives local 
displacement of electrons in the direction of applied field, which gives the 
polarization. As the frequency increases, a point is reached were the space 
charge can not sustain and comply with the external field. Therefore, the 
polarization decreases and exhibits the reduction in the values of dielectric 
constant with increase in frequency. However, this occurs suddenly at 10 kHz 
frequency, which indicates a sudden change in polarization.  
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Figure (4.18): Plot of dielectric constant k versus log f  for the samples  
(a) MnC4H4O6·1.5 H2O(b) Mn0.68Fe0.32C4H4O6·2 H2O (c) 
Mn0.42Fe0.58C4H4O6·1.5 H2O (d) Mn0.22Fe0.78C4H4O6·2 H2O (e) 
Mn0.15Fe0.85C4H4O6·2.5 H2O and (f) FeC4H4O6·2.5 H2O 
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Figure (4.19): Plot of tan δ versus log f  for the samples  
(a) MnC4H4O6·1.5 H2O(b) Mn0.68Fe0.32C4H4O6·2 H2O (c) 
Mn0.42Fe0.58C4H4O6·1.5H2O (d) Mn0.22Fe0.78C4H4O6·2 H2O (e) 
Mn0.15Fe0.85C4H4O6·2.5 H2O and (f) FeC4H4O6·2.5 H2O 
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Figure (4.19) shows the plots for dielectric loss (tan δ) versus frequency of 
applied field. The natures of the plots are more or less the same as those of 
figure (4.18). Due to sudden change in polarization a sudden change at 10 
kHz frequency is noticed as in the figure (4.18). On moving from sample-1 to 
sample-6, the amount of dielectric loss increases with slight variation among 
them.  
  The value of a.c. conductivity σac is calculated by using following 
formula97
                              σac  = 2πfcDt/A -----------------------------------------------(4.7) 
Where       f = frequency 
                 c=capacitance 
   D=dissipation factor 
              t=thickness of the pellet 
              A=Area of the pellets 
The   a. c. resistivity ρac is obtained from the following expression 
                             ρac =  1/ σac ---------------------------------------------------(4.8) 
Ravikumar et al97 studied dielectric properties and a.c. conductivity of 
LiF-B2O3 glasses doped with rare earth ions. The electrical conduction in 
yttrium iron garnet is also studied by Sirdeshamukh et al.98 The a.c. 
conductivity of doped calcium tartrate is reported by Gonzalez-Silgo et al.48  
Figure (4.20) shows the plots of a.c. conductivity versus frequency of 
applied field, which suggest that the values of the conductivities for the 
respective samples are constant for the lower values of applied frequency and  
high value of conductivity for the higher values of frequency with no 
systematic change for sample compositions.     
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Figure (4.20): Plot of conductivity σac  versus log f  for the samples  
(a) MnC4H4O6·1.5 H2O(b) Mn0.68Fe0.32C4H4O6·2 H2O (c) 
Mn0.42Fe0.58C4H4O6·1.5 H2O (d) Mn0.22Fe0.78C4H4O6·2 H2O (e) 
Mn0.15Fe0.85C4H4O6·2.5 H2O and (f) FeC4H4O6·2.5 H2O 
 Figure (4.21) shows the plots of resistivity versus frequency of applied 
field, it can be noticed from the plots that a.c. resistivity decreases with 
increase in frequency for all the samples. For higher values of frequency, 
almost the same values are observed for a. c. resistivity. No systematic 
variation in the order of the plots is observed for different sample 
compositions.    
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Figure (4.21): Plot of resistivity ρac versus log f  for the samples  
(a) MnC4H4O6·1.5 H2O(b) Mn0.68Fe0.32C4H4O6·2 H2O (c) 
Mn0.42Fe0.58C4H4O6·1.5 H2O (d) Mn0.22Fe0.78C4H4O6·2 H2O (e) 
Mn0.15Fe0.85C4H4O6·2.5 H2O and (f) FeC4H4O6·2.5 H2O 
 
When a dielectric material is subjected to an alternating field, the 
polarization P also varies periodically with time and similarly the displacement 
D varies. In general, P and D may lag behind in phase relative to E,  
 E = E0cosωt and ……………………….....................................…… (4.9) 
 D = D0cos ( ωt - δ) = D1 cos ωt + D2 sin ωt ……………........…… (4.10) 
Where δ is the phase factor and D1 = D0 cosδ ……………………..……. (4.11) 
       D2 = Do sin δ …………………………….…. (4.12) 
In most dielectrics D0 is proportional to E0 and usually the ratio of D0/E0 is 
frequency dependant. To explain this situation, two frequency dependant 
dielectric constants are introduced 
ε' (ω) = D1 / E0 = (D0 / E0) cos δ …………………..................................….(4.13)  
ε” (ω) = D2 / E0 = (D0 / E0) sin δ …………………..................................….(4.14)  
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The two constants are expressed into single complex dielectric constants. 
ε * = ε’ - i ε”……………………………………………………………..……. (4.15)   
Then, 
D = ε * E0 e iωt ……………………................................................……… (4.16) 
And tan δ = ε” (ω) / ε’ (ω) …………………………………………………. (4.17) 
Because both ε” and ε’ are frequency dependant, the phase angle δ is also 
frequency dependant. The energy dissipated in the dielectric is in the form of 
heat and proportional to the imaginary part of the complex dielectric 
constant.99
The imaginary part of the complex dielectric constant is calculated and 
the plots of imaginary dielectric constant ε” versus frequency of applied field is 
drawn, which is shown in figure (4.21). This plot shows that the part ε” is 
different for all samples for the lower frequency of the applied field, but all 
most shows constant value for the higher values of the frequencies.  
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Figure (4.21): Plot of є’’ versus log f for the samples  
(a) MnC4H4O6·1.5 H2O(b) Mn0.68Fe0.32C4H4O6·2 H2O (c) 
Mn0.42Fe0.58C4H4O6·1.5 H2O (d) Mn0.22Fe0.78C4H4O6·2 H2O (e) 
Mn0.15Fe0.85C4H4O6·2.5 H2O and (f) FeC4H4O6·2.5 H2O 
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4.5.7 FTIR Spectroscopy study of Mn-Fe mixed Dextro 
Tartrates 
Infrared spectroscopy is an excellent technique for both qualitative and 
quantitative analysis100,101,102. FTIR spectroscopy is the further advancement of 
IR spectroscopy by using the mathematical concept of Fourier Transform 
through proper electronic circuit and computer interfacing. From the earliest 
days of infrared spectroscopy it was observed that functional groups of atoms 
could be associated with definite characteristic absorption bands, i.e., the 
absorption of infrared radiation over certain frequency intervals. The infrared 
spectrum of any given substance is interpreted by the use of the known group 
frequencies and thus it will be easy to characterize the substance as one 
containing a given type of group or groups. Although group frequencies occur 
within narrow limits, interference or perturbation may cause a shift of the 
characteristic bands due to (a) the electro negativity of neighboring groups or 
atoms, (b) the spatial geometry of the molecule, or (c) the mechanical mixing 
of vibrational modes.                   
 Functional groups sometimes have more than one characteristic 
absorption band associated with them. On the other hand, two or more 
functional groups may absorb in the same region and hence, in general, can 
only be distinguished from each other by means of other characteristic 
infrared bands, which occur in non- over lapping regions.  
Absorption bands may be considered as having two origins, these 
being the fundamental vibrations of (a) functional groups, e.g. C=O, C=C, 
C≡N, -CH2-, -CH3-, and (b) skeletal groups, i.e. the molecular backbone or 
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skeleton of the molecule e.g., C-C-C-C. Absorption bands may also be arise 
from stretching vibrations, i.e., vibrations involving bond-length changes, or 
deformation vibration, i.e., vibrations involving bond-angle changes, of the 
group. Each of these, in some cases, may be considered as arising from 
symmetric or asymmetric vibrations. 
For a given functional group, the vibration bands due to stretching 
occur at higher frequencies than those due to deformation. This is because 
more energy is required to stretch the group than to deform it due to the 
bonding force directly opposing the change.   
FTIR spectroscopy has been applied for probing the growth of a crystal 
organic template. Directed mineralization of calcite crystals has been probed 
in situ by external reflection absorption FTIR spectroscopy in an effect to 
understand the dynamics of the organic-inorganic interface during crystal 
growth. The nucleation face type of calcite has been visually identified 
according to the known crystal morphologies and corresponding carbonate 
stretching and deformation vibration bands. Organic template nucleated 
calcite at (010), (001) and (012) planes have been studied by Ahn et al.103 
This suggests novel application of FTIR spectroscopic technique in crystal 
growth. Joshi has reported FT-IR study of urinary calculi and urinary 
crystals104 were reported. 
Many workers have studied the IR spectra of different tartrate 
compounds. Bolard105 obtained the infrared spectra of tartaric acid and some 
simple tartrates. The infrared spectra of gel grown crystals of neodymium 
tartrate,106 praseodymium tartrate,107 gadolinium tartrate,108 zinc tartrate,109 
iron (II) tartrate110 and calcium tartrate111 are reported. 
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 The structure of calcium tartrate tetrahydtate has been studied by 
Ambady112 the tartrate molecules lie in channels bonded by the ions in a 
direction parallel to a-axis with carbon atoms forming sheets parallel to the ab 
plane. The structure is stabilized by a system of hydrogen bond linking the 
molecules directly also through water molecules. In strontium tartrate 
trihydrate and calcium tartrate tetrahydrate, the cation exhibits 8-fold 
coordination. The coordination poly-hedra are distorted dodecahedra. The 
average Sr-O distance is 2.65 Ǻ which agrees with the sum of ionic radii of 
Sr++ and O++ ( 2.53 Ǻ ). The average Ca++-O distance is 2.47 Ǻ. Therefore, it 
is important to not that the water of hydration, the ionic size and the bonding 
play important role in mixed crystals.  
Sheveheko113 studied the IR spectra of both normal and partially 
deuterated compounds of some tartrates and found absorptions at 600cm-1 
and 400cm-1due to COO¯ group in metal tartrates. The formula of metal 
tartrate was suggested as follows. 
 
                    COO                                                                    
                  HCOH                        M                  
                  HCOH                                                 
                   COOH               
Figure (4.22): structural diagram 
Moreover, Kirschner and Kiesling114studied the infrared spectrum of Cu 
(II) tartrates tri-hydrate. The laser Raman and FT-IR spectra of Rubidium 
Hydrogen Tartrate (RbHT) and Strontium Tartrate Tetrahydrate (SrTT)crystals 
Growth and Characterization of Manganese-Iron Mixed Tartrate Crystals 
169 
 
CHAPTER-IV 
Growth and Characterization of Manganese-Iron Mixed Tartrate Crystals 
170 
 
are  recorded in the frequency range 100 to4000 cm-1. Some metal tartrate 
crystals are studied by S. Selvasekarapandian et al115. Bhattacharjee et al116 
reported the Raman and FT-IR spectra of K2C4H4O6 .1/2H2O and NaK 
C4H4O6. 4H2O crystals117. In these crystals, the assignment of the O-H 
stretching frequency of the tartrate ions and that of water molecules is very 
difficult due to their intermixing of IR spectra and performed normal co-
ordinate calculations of some metal tartrate crystals.  
FT-IR spectrum of pure calcium tartrate crystals has been reported by 
Joshi and Joshi96 as well as Sahaya Shajan and Mahadevan118. Recently, 
FT-IR spectroscopic study has been reported for strontium added calcium 
tartrate crystals119.  
The FTIR spectroscopic and IR spectroscopic studies have been 
reported for mixed Ca-Sr levo tartrate crystals,120 Fe-Ni and Fe-Co mixed levo 
tartrates12 and Mn-Fe levo tartrate crystals16.  
Patel et al121 considered the magnetic susceptibility data for ferrous 
tartrate and suggested an octahedral environment around Fe-atom. 
Therefore, they used the infrared spectra of tartrate to ascertain the site of 
bonding which may help to propose the molecular structure of compound. The 
peak at 1097 cm-1 in free tartaric acid has been assigned to C–O of C-OH 
moiety 114,122. They found that the two absorptions at 1080 cm-1 and 1050 cm-1 
indicated the presence of two different types of C-OH moiety. They propose 
that 1050 cm-1 has C-O of coordinated type and 1080 cm-1 of C-OH free 
group. They propose the empirical formula FeC4H4O6.2.5 H2O. The magnetic 
susceptibility value of 5.4 BM indicated an octahedral environment around 
Fe(II)123 and hence they suggested a molecular formula FeC4H4O6.5 H2O so 
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that six coordination of Fe(II) is satisfied. By considering the infra-red data, 
they proposed that the structure is as shown in figure (4.23). The two bridged 
water molecules and the two Fe (II) ions are proposed to be in the same 
plane. The oxygen atoms, designated as (a), are lying the plane while the 
molecules designated as (b) below the plane, thus satisfying the six 
coordination of each Fe(II). For each Fe(C4H4O6) unit 2.0m are the water of 
coordination and 0.5m is the water of crystallization. 
O O  (a) 
C 
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Figure (4.23): The proposed structure 
As Vohra16 has already studied the pure and mixed Mn-Fe levo tartrate 
crystals, therefore the present author reports ere the FTIR spectroscopy study 
of pure and mixed Mn-Fe dextro tartrate crystals. The spectra were recorded 
within 400-4000 cm-1range. 
 
Figures (4.24) to (4.29) show FTIR spectra and the tables (4.27) to 
(4.32) give the assignment tables for various absorption in the spectra for 
MnC4H4O6·1.6 H2O, Mn0.68Fe0.32C4H4O6·1.7 H2O, Mn0.42Fe0.58C4H4O6·2 H2O, 
C 
C 
C 
H 
O
Fe 
H 
H 
H2 
O 
OH 
O 
O O
H2 
OH2 
(b)
OH2 
(b)
Fe 1H2O 
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Mn0.22Fe0.78C4H4O6·2.6 H2O, Mn0.15Fe0.85C4H4O6·2.2 H2O and  FeC4H4O6·2.5 
H2O crystals, respectively. 
 One can find that the absorptions taking place within 3300cm-1 to 
3600cm-1 are due to water of crystallization associated with the crystals. The 
C=O group stretching vibrations are observed within the span of 1550cm-1 to 
1600cm-1. The O-H deformation out of plane and C-H stretching occur from 
485cm-1 to 932cm-1. So this proves that the O-H bond, the C=O group and the 
C-H bond are present. 
As it has been shown by structural diagram in figure (4.22) that the 
metal ion is in coordination with water molecule, tartrate ion and form bond 
with oxygen and hydrogen, the shift in O-H and metal-oxygen absorptions 
towards higher wave numbers is shown as the iron content increases in the 
mixed crystals, which can be verified from tables ( 4.27) to (4.32). For 
example, the absorption due to metal-oxygen vibration at 524.4 cm-1  in pure 
Mn dextro tartrate shifts to higher values 573.3 cm-1 in pure Fe dextro tartrate, 
the O-H deformation out plane occurring at 633.8 cm-1 in pure Mn dextro 
tartrate shifts to 647.3 cm-1 in pure Fe dextro tartrate, like wise the absorption 
occurring at 707.0 cm-1 in pure Mn dextro tartrate shifts to 737.5 cm-1 in pure 
Fe dextro tartrate. It can be noticed from the assignment tables (4.27) to 
(4.32) that these shifting are dependent on contents of iron in mixed crystals.    
Atomic weight of iron and manganese are 55.85 and 54.94, 
respectively. As the content of iron increases the shift is found towards higher 
frequency that indicates high energy required for vibrations. This indicates 
clearly the mixed nature of the manganese-iron dextro tartrate.  
  
Growth and Characterization of Manganese-Iron Mixed Tartrate Crystals 
172 
 
CHAPTER-IV 
 
 
 
 
 
 
 
 
 
52
4.
4
63
3.
8
70
7.
0
10
52
.1
11
20
.5
12
27
.9
13
04
.3
13
96
.7
15
81
.3
34
49
.1
*SJJ D1
 12
 14
 16
 18
 20
 22
 24
 26
 28
 30
%
T
ra
ns
m
itt
an
ce
 500    1000   1500   2000   2500   3000   3500  
Wavenumbers (cm-1)
Figure (4.24): The FTIR spectrum for MnC4H4O6·1.6 H2O crystal 
 
Table(4.27):  The observed absorption bands and their respective 
assignments for the MnC4H4O6·1.6 H2O crystal 
Wave Number in cm -1 Assignments 
3449.1 O-H stretching 
1581.3 C=O stretching 
1396.7 O-H in plane deformation 
1304.3 C-O Stretching 
1227.9 C-O stretching 
1120.5 C-H stretching 
1052.1 C-O Stretching and C-OH moiety 
707.0 O-H deformation out of plane and C-H 
stretching 
633.8 O-H deformation out of plane and C-H 
stretching 
524.4 Metal-Oxygen bonding 
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Figure (4.25): The FTIR spectrum for Mn0.68Fe0.32C4H4O6·1.7 H2O crystal  
 
Table(4.28):  The observed absorption bands and their respective 
assignments for the Mn0.68Fe0.32C4H4O6·1.7 H2O crystal 
Wave Number in cm -1 Assignments 
3347.9 O-H stretching 
1584.5 C=O stretching 
1394.7 O-H in plane deformation 
1305.9 C-O Stretching 
1226.6 C-O stretching 
1122.5 C-H stretching 
1053.3 C-O Stretching and C-OH moiety 
710.5 O-H deformation out of plane and C-H 
stretching 
635.2 O-H deformation out of plane and C-H 
stretching 
523.8 Metal-Oxygen bonding 
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Figure (4.26): The FTIR spectrum for Mn0.42Fe0.58C4H4O6·2 H2O crystal  
 
Table(4.29):  The observed absorption bands and their respective 
assignments for the Mn0.42Fe0.58C4H4O6·2 H2O crystal 
Wave Number in cm -1 Assignments 
3366.7 O-H stretching 
1590.9 C=O stretching 
1401.4 O-H in plane deformation 
1232.3 C-O Stretching 
1114.6 C-O stretching 
820.0 C-O Stretching and C-OH moiety 
738.0 O-H deformation out of plane and C-H 
stretching 
647.8 O-H deformation out of plane and C-H 
stretching 
568.7 Metal-Oxygen bonding 
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Figure (4.27): The FTIR spectrum for Mn0.22Fe0.78C4H4O6·2.6 H2O crystal  
 
Table(4.30):  The observed absorption bands and their respective 
assignments for the  Mn0.22Fe0.78C4H4O6·2.6 H2O crystal 
Wave Number in cm -1 Assignments 
3736.8 O-H stretching 
3650.7 C=O stretching 
3368.6 O-H in plane deformation 
1559.6 C-O Stretching 
1405.6 C-O stretching 
1239.6 C-H stretching 
1116.9 C-O Stretching and C-OH moiety 
741.8 O-H deformation out of plane and C-H 
stretching 
650.2 O-H deformation out of plane and C-H 
stretching 
567.7 Metal-Oxygen bonding 
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Figure (4.28): The FTIR spectrum for Mn0.15Fe0.85C4H4O6·2.2 H2O crystal  
 
Table(4.31):  The observed absorption bands and their respective 
assignments for the  Mn0.15Fe0.85C4H4O6·2.2 H2O crystal 
Wave Number in cm -1 Assignments 
3361.4 O-H stretching 
1554.9 C=O stretching 
1400.3 O-H in plane deformation 
1119.0 C-O Stretching 
931.9 C-O stretching 
819.2 C-H stretching 
742.6 O-H deformation out of plane and C-H 
stretching 
651.4 O-H deformation out of plane and C-H 
stretching 
568.4 Metal-Oxygen bonding 
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Figure (4.29): The FTIR spectrum for FeC4H4O6·2.5 H2O crystal  
 
Table(4.32):  The observed absorption bands and their respective 
assignments for the  FeC4H4O6·2.5 H2O crystal 
Wave Number in cm -1 Assignments 
3395.8 O-H stretching 
1553.7 C=O stretching 
1399.7 O-H in plane deformation 
1117.5 C-O Stretching 
820.2 C-H stretching 
739.5 O-H deformation out of plane and C-H 
stretching 
647.6 O-H deformation out of plane and C-H 
stretching 
573.3 
485.4 
Metal-Oxygen bonding 
 
4.5.8  Mössbauer Spectroscopic Study  
 
The direct application of Mössbauer effect to chemistry and materials science 
arise from its capability of detecting the slight variations in the energy of 
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interaction between the nucleus in the extra-nuclear electrons, these 
variations previously had been considered negligible.   
Isomer shift (I. S.) and Quadrupole splitting (Q. S.) are two important 
parameters in the analysis of   Mössbauer Spectrum.  
 
Isomer shift 
 The isomer shift arises from the coulomb interaction of the nuclear 
charge and electron charge. The most effective part of this interaction is the 
result of the electron charge density at the nucleus (s - electrons). 
  The isomer shift of single nucleus is given by  
IS = δ Ee – δ Eg = A [ІΨ (0) s І]2 (Re2-Rg2) 
 
Where, δ Ee and δ Eg   are the differences in electrostatic energy of the 
nucleus due to its consideration as point charge and having a finite radius R, 
for excited state and ground state respectively. The isomer shift of an 
absorber with respect to the source is given by the difference of above 
equation, i.e., 
IS = A(Re2-Rg2) [ІΨ (0) s І2a - ІΨ (0) s І2s] 
Where, a and s refer to absorber and source respectively. ІΨ(o)sІ is the s 
electron charge density at the nucleus. The Second Order Doppler effect 
(SOD) can also shift the energy levels of nuclei which is thermal effect. Thus 
the observed isomer shift known as “centre shift” is made of true isomer shift 
and SOD. The details have been given elsewhere124,125,126,127
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Quadrupole splitting 
 
The charge distributed asymmetrically around the atomic nucleus (electrons, 
ions and dipoles) gives rise to an electric field gradient (EFG) that is the non –
zero at the nucleus. Following Hamiltonian describes the interaction between 
EFG and quadrupole moment of the nucleus,
H= [e2 q Q / 4I (2I-D) ] / [3I2z – I (I+1) +  η (I2x-I2y)] 
Where, eq is the absolute value of the EFG in Z - direction (Vzz) at nucleus. Q 
is the quadrupole moment of the nucleus, I is its spin and Ix, Iy and Iz are spin 
operators.  
Also, 
η = [ Vxx - Vyy] / Vzz 
satisfying  ІVzzІ > ІVxxІ > ІVyyІ 
For I ≤ 3/2; the eigen values of H operator are,  
EQ = [ (e2qQ) / ∆ I (2I – 1)] [3m21-I (I+1) ][1+ η2/3]1/2
Where mI is the magnetic quantum number, with values I, I – 1, I – 2, …-I. 
Thus quadrupole interaction depends on the number of magnetic quantum 
numbers. EFG may be due to the asymmetry of charges or external charges. 
Details are given by Cohen and Rief128. 
The chemical aspects of the Mössbauer effect have been discussed by Brady 
et al.129 in terms of quadruple splitting and isomer shift for iron compounds. 
The Mössbauer effect investigations have been conducted on various 
substances to study their chemical properties. Pipman and Roan130 studied 
Mössbauer effect in anhydrous ferrous format, as well as Epstein et al.131 
reported Mössbauer spectra of iron (III) citrate compounds. Apart from this, 
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some complex iron (III) compound such as, Fe (III) format; acetate, 
monochloroacetate, trichloroacetate, phenylacetate and benzonate have been 
studied by Mössbauer spectroscopy132,133 Vikumbh et al.134 carried out 
Mössbauer spectroscopic studies along with electrical conductivity and 
thermal decomposition of some iron (II) dicarboxylates.  
 
 Takashima and Takeishi135 obtained the values of the isomer shift (δ) 
and the quadrupole splliting (ε) for Iron (III) tartarate as +0.44 mm/s and 0.25 
mm/s, respectively, and for iron (II) tartarate monohydrate as + 1.47 mm/s and 
1.31 mm/s, respectively, by using the relation ε = ¼ (e2 qQ). It was found 
that136 there is negligible quadrupole splliting in the case of ionic ferric 
compound because of its 3d5 electron configuration. The magnitude of 
quadrupole splitting can be a measure of the crystallographic symmetry and 
the magnitude of isomer shift can be related to the details of the bonding of 
the iron and the ligands  
The Mössbauer effect has diverse applications, for instance, in studies 
of minerals from lunar soils and minerals ,137 in investigating nano crystalline 
LaFeO3138 ; in study of electron transfer during oxygen activation in the R2 sub 
unit of Escherichial coli ribonucleotide reductase139; in study of heme iron in 
pyridoxylated hemoglobin cross-linked by glutaraldehyde140 and in nano 
crystalline Ni-Zn ferrite141 and Mg-Mn ferrite.142 Sairam at al  studied the 
Mössbauer parameters for various doping of iron KCaY(PO4 2.
143
)
The earlier Mössbauer study on the iron tartrate compounds and gel 
grown spherulitic crystals of iron(II) tartrate dihydrate have been reported by 
Takashima and Tateishi144 and Joseph et al32. Joseph et al32 have studied 
CHAPTER-IV 
iron(II) tartrate dihydrated crystal and found that the variation in the isomer 
shift and quadrupole splitting from earlier reported values were due to the 
different chemical environment and more number of molecules of water of 
hydration attached with iron tartrate.  
 In the present study, three samples of Mn- Fe mixed levo tartrate 
crystals, namely,  Mn0.42Fe0.58C4H4O6·1.5 H2O, Mn0.22Fe0.78C4H4O6·2 H2O and 
Mn0.15Fe0.85C4H4O6·2.5 H2O were taken for the study. The Mössbauer spectra 
were recorded in the transmission geometry with a constant acceleration 
transducer and a 512 channel multichannel analyzer. A 57Co(Rh) source of 
activity 10 m Ci was used. The solid lines through the data points are the 
results of computer fit of the data.  
 The Mössbauer spectra for the relevant crystals are given in figures 
(4.30) (a),(b) and (c). The Mössbauer parameters, that is, isomer shift and 
quadrupole splitting have been calculated for the crystals and tabulated in the 
table (4.33)  
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Figure (4.30): Mössbauer spectra for (a) Mn0.42Fe0.58C4H4O6·1.5 H2O (b) 
Mn0.22Fe0.78C4H4O6·2 H2O (c) Mn0.15Fe0.85C4H4O6·2.5 H2O 
 
Table(4.33): Mössbauer parameters for the Mn-Fe mixed levo tartrate 
crystals 
No. Sample Isomer Shift 
(±0.05mm/s) 
Quadrupole 
Splitting 
(±0.05mm/s) 
1 Mn0.42Fe0.58C4H4O6·1.5 H2O 0.99 2.99 
2 Mn0.22Fe0.78C4H4O6·2 H2O 1.01 2.99 
3 Mn0.15Fe0.85C4H4O6·2.5 H2O 1.03 2.99 
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 One can notice from the table (4.33) that water of hydration and the 
amount of the attached iron atom with the crystals as well as chemical isomer 
shift are in increasing order, on moving from sample No. 1 to 3,  however, the  
quadrupole splitting remains constant. All the samples have exhibited large 
quadrupole splitting in the paramagnetic state indicating that the iron ions 
have non cubic environment. The systematic variation in the isomer shift is 
regarded due to the different chemical environments, which are produced by 
attaching more and more water molecules and iron atoms in the crystals.  
Thus, the isomer shift is sensitive to the chemical environment, while the  
quadrupole splitting is insensitive to the amount of water of hydration and the 
number of iron atoms attached with the crystals. 
 
4.6 Conclusions 
(1) Pure and mixed manganese–iron dextro tartrate crystals have been 
grown by single diffusion gel growth technique. 
(2) A thick band of white spongy precipitates was observed below the 
gel – liquid interface due to concentration of reactant used. 
(3) Crystals of varying morphology and coloration were obtained which 
depended on the composition and the content of Mn and Fe. 
(4) Within the same test tube, the coloration of the crystal became 
lighter on going towards bottom. This is due to the concentration 
gradient of reactant present in the gel column. 
(5) Powder XRD study suggested that all pure and mixed Mn-Fe levo 
tartrate crystals possessed orthorhombic crystal structure. As the 
iron content increased in the grown crystals, a sudden flip was 
CHAPTER-IV 
Growth and Characterization of Manganese-Iron Mixed Tartrate Crystals 
185 
 
observed to iron tartrate structure with some variations. This has 
proved active role of iron in crystal structure change.  
(6) The pure and mixed Mn-Fe levo tartrate crystals are calcined at 750 
°C temperature for 60 minutes and structural study was carried out 
by the powder XRD analysis. The manganese oxide possessed 
tetragonal crystal structure. On increasing iron content the crystal 
structure abruptly changed. For Mn0.68Fe0.32O1.4 cubic structure was 
found and for Mn0.42Fe0.58O1.4 the orthorhombic structure was found. 
On further increasing iron content the crystal structure for oxide 
compound changed to the hexagonal structure for all remaining 
higher iron content samples, viz., Mn0.22Fe0.78Oo.1, Mn0.15Fe0.85O1.4 
and FeO1.3.. The iron content influences the crystal structure of 
oxide compounds. 
(7) From EDAX and TGA analysis the exact formulae of pure and 
mixed Mn-Fe dextro tartrate crystal were determined with 
estimation of iron and manganese content and water of hydration 
as well.  
(8) Pure and mixed Mn-Fe dextro tartrate crystals were thermally 
unstable and on heating they became anhydrous and finally 
decomposed into oxides. The amount of water of hydration was 
determined. 
(9) The kinetic parameters of dehydration were calculated by using 
Coats and Redfern relation for pure and mixed Mn-Fe dextro 
tartrate crystals. These values were lower than those of pure and 
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mixed Mn-Fe levo tartrate crystals, which corresponds earlier 
reported nature of levo tartrate and dextro tartrate compounds. 
(10) The thermodynamic parameters of dehydration were calculated for 
pure and mixed Mn-Fe dextro tartrate crystals. These values were 
found to be lower than those of pure and mixed Mn-Fe levo tartrate 
crystals. This corresponds to earlier reported nature of levo tartrate 
and dextro tartrate compounds. 
(11) The dielectric study of pure and mixed Mn-Fe levo tartrate crystals 
showed that as the frequency of applied field increased, the real 
part dielectric constant decreased suggesting that the dipoles did 
not comply with fields at higher frequency. However, the decrease 
in dielectric constant was not appreciable. The same nature was 
observed for the variation of dielectric loss with applied field. The 
nature of variation of imaginary part of dielectric constant with 
frequency was also the same as that of dielectric loss. The values 
of a.c. conductivity and a.c. resistivity were calculated. The plots of 
a.c. conductivity versus frequency of applied field suggested that as 
the frequency increased, the conductivity increased. However, the 
opposite nature was obtained for a.c. resistivity.  
(12) From FTIR spectra of pure and mixed Mn-Fe dextro tartrate 
crystals, the presence of water of hydration, C=O bond, C-H bond, 
metal-oxygen bond were confirmed. The mixed nature of the 
sample was revealed by systematic shifting of wave numbers of 
absorption to higher side for metal-oxygen vibration and for the O-H 
deformation out plane absorptions.  
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(13) The Mössbauer spectroscopic study of pure and mixed Mn-Fe levo 
tartrate crystals suggested large qudrupole splitting in paramagnetic 
state indicating iron ions in non cubic state. The chemical isomer 
shift was sensitive to the composition and water of hydration of the 
crystal, while the qudrupole splitting remained constant for all 
crystals. 
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    CHAPTER-V 
CHAPTER-V 
Growth and Characterization of Manganese-
Iron-Nickel and Manganese-Iron-Cobalt Mixed 
Levo Tartrate Crystals 
 
5.1  Introduction 
 Several ternary alloys and ternary compounds have been studied by 
various workers, for example, CaCO3-MgCO3-FeCO3 system1, cadmium-
zirconium-sodium oxalate2 and La-Ba-Cu-oxalates3.  
 Several pure and mixed metallic tartrate crystals have been grown and 
characterized by different techniques as indicated in the section 4.1 of 
Chapter-IV; however, to the best of the present author’s knowledge no study 
is reported on ternary metallic tartrate compound crystals. 
In the present chapter, looking at various applications of tartrates of 
manganese, iron, nickel and cobalt and the successful growth of pure and 
mixed metallic tartrates, for the first time, the growth and characterization of 
three metallic component mixed (ternary) levo tartrate crystals, i.e., 
Manganese-Iron-Nickel (Mn-Fe-Ni)  and Manganese-Iron-Cobalt (Mn-Fe-Co) 
mixed levo tartrate crystals, in different cations proportions is reported.  
The crystals were characterized by EDAX, powder XRD, TGA, 
dielectric studies, FT-IR spectroscopy and VSM study. 
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5.2  Experimental Techniques 
5.2.1  Gel Preparation 
The gel preparation is the same as that has been used for the growth 
of manganese-iron mixed levo tartrate crystals, which is already given in   
section 4.2.1 of chapter-IV. 
5.2.2  Crystal Growth 
 The same single diffusion gel growth technique is used for the ternary 
tartrate compounds, i.e., Mn-Fe-Ni levo tartrate and Mn-Fe-Co levo tartrate, 
which has been explained in section 4.2.2 of chapter-IV. For the growth of 
ternary tartrate compound the gel pH 3.8 and the gel specific gravity 1.04 
gm/cm3 were selected. The following combinations of supernatant solutions 
were poured on the set gels. 
(I) supernatant solutions for Mn-Fe-Ni levo tartrate crystals 
 (a) 2ml MnCl2 + 2ml FeSO4 + 6ml NiCl2……sample-1 
 (b) 2ml MnCl2 + 6ml FeSO4 + 2ml NiCl2……sample-2     
 (c) 6ml MnCl2 + 2ml FeSO4 + 2ml NiCl2……sample-3 
(II) supernatant solutions for Mn-Fe-Co levo tartrate crystals 
 (a) 2ml MnCl2 + 2ml FeSO4 + 6ml CoCl2…..sample-1 
 (b) 2ml MnCl2 + 6ml FeSO4 + 2ml CoCl2…..sample-2     
 (c) 6ml MnCl2 + 2ml FeSO4 + 2ml CoCl2…...sample-3 
 For preparing the supernatant solutions AR grade salts MnCl2.4H2O, 
FeSO4.7H2O, NiCl2.6H2O and CoCl2.6H2O were used. Different salt solutions 
in 1 Molar concentration were added as per the above mentioned manner so 
that the total volume remained the same. 
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The following chemical reactions are expected to occur. 
(1)  For Mn-Fe-Ni mixed levo tartrate crystals: 
(1-X-Y) FeSO4(aq) + XMnCl2(aq) + YNiCl2(aq) + H2C4H4O6  → 
 
Fe(1-X-Y)MnXNiY C4H4O6 + 2(X+Y)HCL + (1-X-Y)H2SO4
 
Where X = 0.2, 0.6 
                      Y = 0.2, 0.6  
 
(2)  For Mn-Fe-Co mixed levo tartrate crystals: 
 
(1-X-Y) FeSO4(aq) + XMnCl2(aq) + YCoCl2(aq) + H2C4H4O6  → 
 
Fe(1-X-Y)MnXCoY C4H4O6 + 2(X+Y)HCL + (1-X-Y)H2SO4
 
Where  X = 0.2, 0.6 
                       Y = 0.2, 0.6  
 
 
5.3  Crystal Growth Observations 
5.3.1  Manganese-Iron-Nickel Levo Tartrate Crystals 
 The following observations were made for the Mn-Fe-Ni levo tartrate 
crystals growth for gel pH 3.8 and gel density 1.04 gm/cc. 
(1) For supernatant solution (I-a), the color of poured solution was 
green and hence after a few days the color of gel changed to green. After six 
days, one could see the growth of very small crystals inside the gel. Also, 
there was a band of very small crystals at the gel-solution interface. Crystals 
were spherulitic and green to dark green in color. Average crystal diameter 
was 2mm. The growth of crystal is shown in figure (5.1)(a). 
(2) In case of supernatant solution (I-b), the color of supernatant 
solution was yellow-green and after a few days the color of gel was changed 
to the same color. The crystals were seen on very first day of the pouring of 
solution. Crystal growth took place throughout the gel, but some crystals were 
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found sticking on the inner face of the glass test tube. There was a band of 
small crystals at the gel-solution interface. The crystals were spherulitic in 
nature with dark green colored. Average crystal diameter was 4mm. The 
growth of crystal is shown in figure (5.1) (b). 
(3) Due to light green color of supernatant solution (I-c) the gel color 
was changed to the same color after a few days. Crystal growth occurred 
through out the gel, but some crystals were found sticking on the inner wall of 
the glass test tube. There was a band of small crystals on the gel solution 
interface. The crystals were spherulitic in nature with greenish brown color. 
Average crystal diameter was 3mm. The growth of crystal is shown in figure 
(5.1) (c). 
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                (a)                                       (b)                                       (c) 
Figure (5.1): Crystal growth of Mn-Fe-Ni levo tartrate crystals (a) sample-
1 (b) sample-2 (c) sample-3 
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 5.3.2  Manganese-Iron-Cobalt-Levo Tartrate Crystals 
 The following growth observations were made for the growth of Mn-Fe-
Co levo tartrate crystals for gel pH 3.8 and gel density 1.04 gm/cc. 
(1) In case of pouring supernatant solution II – a, this maroon color 
supernatant solution on the next day of pouring gave following results, 
(i) Gel color changed to light maroon. 
(ii) Crystals were seen on gel-liquid interface as well as inside the gel 
with maroon color. 
Below the liquid-gel interface, after passing through nearly 7mm of clear gel, 
one encountered 12mm thick band of whitish colloidal precipitations. Crystal 
growth was noticed throughout the gel including precipitate area. Crystals 
were spherulitic in nature. The diameters of the crystals were nearly 3mm. 
The growth of crystal is shown in figure (5.2)(a). 
(2) Due to pouring of orange colored supernatant solution (II-b), the 
gel color was changed on very next day of pouring to light pink and the crystal 
growth started. A thick band of white precipitate was seen on moving through 
6mm clear gel from top of the gel column, this band was nearly 14mm thick. 
Crystal growth occurred throughout the gel including this band of precipitates. 
Average diameter was 4mm of spherulitic crystals. The growth of crystals is 
shown in figure (5.2)(b). 
(3) For supernatant solution (II-c), due to pouring orange color 
supernatant solution the gel color was changed to yellowish orange, which 
was later on converted into light red. On moving through the 6mm clear gel 
from the top of gel column, a 15mm thick band of white precipitate was 
observed. The number of brown colored small crystals grown at the gel-liquid 
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interface as well as inside the gel, including the white precipitate region, was 
less compared to the earlier mentioned two cases. Average crystal diameter 
was 3mm and they were spherulitic in nature. The growth of crystals is shown 
in figure (5.2)(c). 
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                  (a)                                      (b)                                       (c) 
Figure (5.2): Crystal growth of Mn-Fe-Co levo tartrate crystals (a) 
sample-1 (b) sample-2 (c) sample-3 
 
 Approximately 3 days were taken to set the gel in almost all cases 
mentioned above. Approximately 20 days were taken for fully growth of the 
crystals. In the case of the growth of Mn-Fe-Ni levo tartrate crystals no 
precipitates were found, while in the case of Mn-Fe-Co levo tartrate crystals 
such phenomenon was observed in all the cases.  
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5.4  Characterization of Crystals 
5.4.1  EDAX study  
 In order to find out the elemental composition of the grown crystals, 
the EDAX is employed here.  
5.4.1.1 Mn-Fe-Ni Levo Tartrate Crystals 
The EDAX spectra for the grown crystals are shown in figures (5.3) (a) 
to (c). Expected and observed atomic % (from EDAX data) are tabulated in 
table (5.1).  
 
Figure (5.3a): The EDAX spectrum for Mn-Fe-Ni levo tartrate crystal 
sample-1 
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Figure (5.3b): The EDAX spectrum for Mn-Fe-Ni levo tartrate crystal 
sample-2 
 
Figure (5.3c): The EDAX spectrum for Mn-Fe-Ni levo tartrate crystal 
sample-3 
Table (5.1): EDAX result for Mn-Fe-Ni Levo tartrate crystals 
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Expected  
Atomic % 
Observed  
Atomic % 
( From EDAX) 
Element Element 
Sample 
Mn Fe Ni Mn Fe Ni 
1 20 20 60 10 36 54 
2 20 60 20 8 74 18 
3 60 20 20 28 43 29 
  
 From table (5.1) one can notice that the observed value of atomic 
percentage does not match exactly with the expected atomic percentage. It 
can be noticed that iron enters more easily into the lattice of crystals; on the 
other hand, manganese does not enter easily into the lattice. This may be due 
to the electronic configuration of the elements used. Manganese ion has half 
field orbital, therefore, it is a stable ion, while iron has more than half field 
orbital and due to this it is unstable and hence the tendency to form 
compound is higher in iron than the manganese.4   
 Proposed formula and the estimated formula for the relevant crystals 
after EDAX analysis are tabulated in the following table (5.2).  
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Table (5.2): Proposed and the estimated formulae for Mn-Fe-Ni Levo 
tartrate crystals after EDAX analysis 
Sample 
No. 
Proposed formula Estimated formula from the EDAX 
1 Mn0.2Fe0.2Ni0.6C4H4O6·nH2O Mn0.10Fe0.36Ni0.54C4H4O6·nH2O 
2 Mn0.2Fe0.6Ni0.2C4H4O6.nH2O Mn0.08Fe0.74Ni0.18C4H4O6.nH2O 
3 Mn0.6Fe0.2Ni0.2C4H4O6.nH2O Mn0.28Fe0.43Ni0.29C4H4O6.nH2O 
  
5.4.1.2 Mn-Fe-Co Levo Tartrate Crystals 
EDAX spectra for the grown crystals are shown in figures (5.4)(a) to 
(c). Theoretically expected and observed atomic percentages are given in 
table (5.3).  
 
Figure (5.4a): The EDAX spectrum for MN-Fe-Co levo tartrate crystal 
sample-1 
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Figure (5.4b): The EDAX spectrum for MN-Fe-Co levo tartrate crystal 
sample-2 
 
 
Figure (5.4c): The EDAX spectrum for MN-Fe-Co levo tartrate crystal 
sample-3 
 
 
 
 
Growth and Characterization of Mn-Fe-Ni and Mn-Fe-Co mixed levo tartrate crystals 
 
 
210 
    CHAPTER-V 
 
Table (5.3): EDAX result for Mn-Fe-Co Levo tartrate crystals 
Expected  
Atomic % 
Observed  
Atomic % 
( From EDAX) 
Element Element 
sample 
Mn Fe Co Mn Fe Co 
1 20 20 60 15 28 57 
2 20 60 20 7 75 18 
3 60 20 20 54 26 20 
   
 One can find from figures (5.3) and (5.4) that the elemental 
contributions of C and O is due to tartrate ions and water of hydration, where 
as the presence of Al and Si may be due to impurities present in various 
chemicals used for the synthesis and growth of crystals. At the same time Ni 
and Co are traced out as minor impurity when the particular salt of Ni or Co is 
not used in the growth or synthesis of a crystal.  
 Table (5.1) and (5.3) show the theoretically expected and the observed 
(from EDAX) elemental contribution in each ternary tartrate crystals, it can be 
noticed from the both tables that, apart from the proportion of the element 
used in for the growth of the particular crystal, the element Fe (iron) has the 
dominant contribution in each sample as it is unstable ion and more reactive 
than he other two, as already discussed in earlier case of Mn-Fe-Ni ternary 
levo tartrate crystals. 
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 Proposed formula and the estimated formula for the relevant crystals 
after EDAX analysis are tabulated in the following table (5.4).  
 
Table (5.4): Proposed and the estimated formulae for Mn-Fe-Co Levo 
tartrate crystals after EDAX analysis 
Sample 
No. 
Proposed formula Estimated formula from the EDAX 
1 Mn0.2Fe0.2Co0.6C4H4O6·nH2O Mn0.15Fe0.28Co0.57C4H4O6·nH2O 
2 Mn0.2Fe0.6Co0.2C4H4O6.nH2O Mn0.07Fe0.75Co0.18C4H4O6·nH2O 
3 Mn0.6Fe0.2Co0.2C4H4O6.nH2O Mn0.54Fe0.26Co0.20C4H4O6·nH2O 
 
 
5.4.2  Powder X-ray Diffraction (XRD) 
In the present study, an attempt is made to find out the unit cell 
parameters of Mn-Fe-Ni and Mn-Fe-Co ternary levo tartrate crystals and to 
compare the same with the reported values of pure and mixed tartrate 
crystals. 
5.4.2.1 Powder XRD of Mn-Fe-Ni ternary Levo Tartrate   
                  Crystals 
The unit cell parameters have been determined for iron-nickel mixed 
tartrate crystals5. The unit cell dimensions for Fe0.8 Ni0.2 C4H4O6 . 3H2O was 
found to be a=8.548(5) Å, b=10.612(10) Å and c=8.436(5) Å and slight 
changes were observed for other combinations of iron-nickel tartrate crystals. 
The unit cell parameters for iron (II) tartrate were found to be a=8.480(5), 
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b=10.571(10), and c=8.289(5)4. Also, the unit cell parameters have been 
obtained for pure manganese tartrate and manganese-iron mixed tartrate 
crystals as mentioned in the section 4.5.2.1 of Chapter-IV. For pure 
manganese tartrate crystals the unit cell parameters were found to be a= 
9.7559Å, b= 11.2290Å, and c= 6.2278Å.  
Figures (5.5) (a) to (c) are powder XRD patterns of the manganese-
iron-nickel ternary levo tartrate crystals. The unit cell parameters associated 
with these crystals are tabulated in table (5.8).  Due to the difference in ionic 
radii6 viz., manganese (0.80Å), iron (0.74Å) and nickel (0.69Å), some 
variations take place in the unit cell parameters of various mixed crystals. 
Comparing the unit cell parameters of various pure and mixed tartrate crystals 
it can be seen that the unit cell parameters of ternary Mn-Fe-Ni tartrate 
crystals are much larger. The unit cell parameters are estimated by employing 
computer software powder-X. From the XRD pattern it has been found that 
almost the same phase is maintained in different crystals. The powder XRD 
patterns of figures (5.5)(b) and (c) are more closer than figure (5.5)(a). 
Tables (5.5), (5.6) and (5.7) are the data of the powder X-ray diffraction 
analysis of the Mn-Fe-Ni levo tartrate crystals. 
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(a) 
 
(b) 
(c) 
Figure (5.5): The Powder XRD patterns for (a) Mn0.1Fe0.36Ni0.54C4H4O6·n 
H2O (b) Mn0.08Fe0.74Ni0.18·C4H4O6·n H2O  (c) Mn0.28Fe0.43Ni0.29·C4H4O6·n H2O 
crystals 
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Table (5.5): X-ray diffraction results for Mn0.1Fe0.36Ni0.54C4H4O6·n H2O 
crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
31.497 37.04 2.84030 (302) 
33.975 20.05 2.63855 (203) 
36.927 18.42 2.43413 (232) 
39.971 23.30 2.25550 (004) 
41.271 20.52 2.18741 (142) 
42.556 19.23 2.12431 (422) 
47.160 47.04 1.92708 (512) 
49.099 47.87 1.85543 (134) 
50.826 38.03 1.79638 (324) 
56.057 25.91 1.64050 (450) 
61.672 21.44 1.50393 (154) 
72.877 25.15 1.29789 (445) 
 
Table (5.6): X-ray diffraction results for Mn0.08Fe0.74Ni0.18·C4H4O6·n H2O 
crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
24.203 33.95 3.67713 (300) 
28.528 19.31 3.12870 (031) 
29.655 15.04 3.01236 (013) 
31.314 48.83 2.85646 (230) 
34.362 15.40 2.60969 (123) 
36.679 20.27 2.45003 (232) 
38.002 16.42 2.36773 (141) 
41.053 18.85 2.19852 (332) 
44.715 16.29 2.02659 (520) 
46.741 33.05 1.93557 (034) 
48.791 58.46 1.86643 (015) 
50.532 33.72 1.80612 (404) 
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Table (5.7): X-ray diffraction results for Mn0.28Fe0.43Ni0.29·C4H4O6·n H2O 
crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
24.204 21.42 3.67697 (300) 
28.439 20.14 3.13831 (131) 
31.266 37.20 2.86072 (321) 
33.673 22.24 2.66152 (410) 
36.755 17.24 2.44517 (420) 
38.206 15.16 2.35552 (402) 
39.649 28.36 2.27308 (042) 
40.898 17.80 2.20649 (500) 
42.122 17.56 2.14516 (501) 
46.820 36.91 1.94030 (333) 
48.794 31.99 1.86631 (243) 
50.590 20.11 1.80420 (601) 
 
From table (5.8), one can find that all crystals exhibited orthorhombic 
structure with slightly variation in the unit cell parameter.  
 
Table (5.8): The cell parameters for Mn-Fe-Ni levo tartrate   crystals 
Unit cell parameters Sample 
No. 
Sample 
a (Ǻ) b (Ǻ) c (Ǻ) 
1 Mn0.10Fe0.36Ni0.54C4H4O6·n H2O 11.1170 10.2742 9.0346 
2 Mn0.08Fe0.74Ni0.18C4H4O6·n H2O 11.0356 10.4032 9.2503 
3 Mn0.28Fe0.43Ni0.29C4H4O6·n H2O 11.0510 10.5001 9.0543 
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5.4.2.2 Powder XRD of Mn-Fe-Co Ternary Levo Tartrate 
Crystals 
The powder XRD patterns of Mn-Fe-Co ternary levo tartrate crystals 
are given in the figures (5.6) (a) to (c) and the unit cell parameters associated 
with the grown crystals are tabulated in the table (5.12). It can be noticed from 
the table that crystals are orthorhombic in nature and the unit cell parameters 
are quite different from those of Mn-Fe-Ni ternary levo tartrate crystals 
tabulated in table (5.8), particularly, the parameter -b.  
From figures (5.6) (a) to (c) one can also notice that the XRD patterns 
differ from one another and the last one is conspicuously different from the 
other two, this has already been reflected in the unit cell parameters of the 
crystals in table (5.12).  
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(b) 
 
(c) 
 
Figure (5.6): The Powder XRD patterns for (a) Mn0.15Fe0.28Co0.57C4H4O6·n 
H2O (b) Mn0.07Fe0.75Co0.18·C4H4O6·n H2O (c) Mn0.54Fe0.26Co0.2·C4H4O6·n H2O    
crystals 
 
By employing the Powder-X computer software the h, k, and l 
parameters as well as d and 2θ values are generated and listed in tables 
(5.9), (5.10) and (5.11). 
 
 
Growth and Characterization of Mn-Fe-Ni and Mn-Fe-Co mixed levo tartrate crystals 
 
 
218 
    CHAPTER-V 
Table (5.9): X-ray diffraction results for Mn0.15Fe0.28Co0.57C4H4O6·n H2O 
crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
24.248 8.98 3.67037 (220) 
31.370 38.44 2.85150 (222) 
33.812 8.18 2.65088 (410) 
39.802 16.46 2.26469 (313) 
41.038 14.46 2.19931 (014) 
44.700 9.01 2.02724 (242) 
46.945 29.98 1.93542 (512) 
48.871 22.43 1.86355 (034) 
50.607 8.74 1.80363 (152) 
56.016 10.34 1.64160 (424) 
63.105 7.98 1.47319 (640) 
72.577 14.79 1.30250 (634) 
Table (5.10): X-ray diffraction results for Mn0.07Fe0.75Co0.18·C4H4O6·n H2O 
crystal 
 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
25.452 15.15 3.49951 (122) 
31.261 19.56 2.86115 (203) 
35.587 15.96 2.52262 (223) 
37.269 11.80 2.41260 (014) 
38.228 10.20 2.35422 (142) 
39.893 12.09 2.25971 (323) 
40.897 11.81 2.20652 (242) 
44.422 14.24 2.03928 (521) 
38.701 22.36 1.86965 (205) 
52.185 18.13 1.75274 (305) 
53.317 17.07 1.71816 (135) 
55.233 12.98 1.66301 (235) 
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Table (5.11): X-ray diffraction results for Mn0.54Fe0.26Co0.2·C4H4O6·n H2O 
crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
14.140 133.25 6.26340 (120) 
16.665 94.41 5.31948 (121) 
21.348 53.10 4.16196 (131) 
23.066 63.41 3.85580 (122) 
25.742 26.38 3.46066 (320) 
34.990 41.47 2.56428 (052) 
36.489 40.52 2.46233 (004) 
37.708 36.44 2.38546 (422) 
39.196 29.52 2.29827 (260) 
43.838 40.25 2.06510 (531) 
47.830 20.41 1.90164 (054) 
54.347 32.48 1.68802 (380) 
 
Table(5.12): The cell parameters for Mn-Fe-Co levo tartrate crystals 
Unit cell parameters Sample 
No. 
Sample 
a (Ǻ) b (Ǻ) c (Ǻ) 
1 Mn0.15Fe0.28Co0.57C4H4O6·n H2O 10.9430 9.9980 8.9999 
2 Mn0.07Fe0.75Co0.18C4H4O6·n H2O 11.2595 10.9570 9.9150 
3 Mn0.54Fe0.26Co0.20C4H4O6·n H2O 11.5994 14.9997 9.8413 
 
5.4.2.3 Calcined Ternary Levo Tartrates 
 The author is interested to see that on calcination the ternary tartrate 
compounds decompose on individual metallic oxides or remain in a single 
phase ternary oxide. Oxides are used as fuel cells materials, oxygen sensors 
and pumps, catalysts, in lithium batteries and many other applications. 
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 Complex oxides made from lithium and the transition metals are used 
to positive active materials particularly for lithium secondary batteries7. Oxides 
are chosen as catalysts also, for example, Mo-Bi-Fe oxide is used to 
dehydrogenate propane8  and in conversion of saturated carboxylic acids the 
oxides of Cd, Co, Cr, Cu, Fe, Mn, Ni, etc… are used in binary and ternary 
combinations9. The electrical conductivity of La1-x Srx Fe1-y Mny O3 is 
repoted10. The chemical compatibility of (La0.6 Ca0.4)x Fe0.8 M0.2 O3 (where 
x=1.0, 0.9, M=Cr, Mn, Co, Ni) with yittria-stabilized-zirconia is studied by 
Kindermann et al11. Several oxides have been studied for application point of 
view, for instance, in fuel cells12 and cathode material13. The phase equilibria 
and microstructures in mixed conductors Sr4 Feσ-4 Cox O13-δ (0<x<4) have 
been reported by Fossdal et al14. Moreover, the conductivity and 
electrochemical characterizations of cathode material Pr Fe1-x Nix O3-δ is 
reported at high temperatures by Hashimoto et al.15 Magnetic, structural and 
other properties of Cr-Fe-Mn-Ni-O, Cr-Fe-Mn-O, Cr-Fe-Nd-O, Cr-Fe-Na-O and 
other oxide compounds have been reported.16 Looking at various applications 
of several pure and mixed oxide compounds, the present author is tempted to 
study the heated ternary levo tartrate compounds with aim to identify the 
formation of any ternary oxide compounds.   
 
5.4.2.3.1 Powder XRD of calcined Mn-Fe-Ni Levo Tartrate 
Crystals 
Crystalline samples were calcined at 750 °C for one hour in alumina 
crucibles in a muffle furnace and the powder XRD analysis was conducted as 
discussed in the previous section. The powder XRD patterns are given in the 
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figures (5.7) (a) to (c), and the XRD results are tabulated in the tables (5.13), 
(5.14) and (5.15). From figures (5.7) (a) to (c) one can notice that the XRD 
patterns are, more-or-less, the same for figure (5.7) (a) and figure (c), but in 
the case of figure (5.7)(b) some extra reflections are found, which may be due 
to the presence of extra phase. 
It is interesting to note that apart from the spinel, cubic, perovskites 
forms; the orthorhombic form of oxide compounds has been identified. 
Orthorhombic (Fe,Mn) (Ta,Nb)2O6 family compounds have been reported by 
dos Santos et al.17 The authors have found that the Mn and Fe have strong 
influence on the unit cell. The ionic radii of Mn+2 = 0.86Ǻ, Fe+2 = 0.76 Ǻ, Co+2 
= 0.74Ǻ and Ni+2 = 0.72Ǻ, which suggests that Mn+2 and Fe+2 have strong 
influence. The unit cell parameters of MnNb2O6 were, a=14.433 Ǻ, b=5.764 Ǻ 
and c= 5.083 Ǻ; (Fe0.5 Mn0.5)Nb2O6 were, a=14.356 Ǻ, b= 5.748 Ǻ and c= 
5.069 Ǻ and FeNb2O6 were a=14.266 Ǻ, b=5.732 Ǻ and c=5.050 Ǻ.  
The formulations of ternary oxides are verified from the TGA data, 
which will be discussed in section 5.4.3 of this Chapter. 
The variation in the unit cell parameters may be due to variation of 
content of Mn. Jani et al18 studied magnetic ordering in spinel Mg1+x Mnx Fe2-2x 
O4 system. From the nonlinear behavior of the lattice constant with x, they 
concluded the simultaneous replacement of Fe+3 (0.64 Ǻ), Mg+2 (0.60 Ǻ) and 
Mn4+ (0.60 Ǻ). Sebastian et al19 studied perovskite La0.9 Sr0.1 Ga0.8 M0.2 O3.δ 
(M=Mn, Co, Ni, Cu or Zn) ionic conductors. Oxide ion conductors have 
applications in solid oxide fuel cells (SOFCs), oxygen sensors and oxygen 
pumps. They could identify the presence of impurity La4SrO7 in Mn containing 
compound and the impurity presence of LaSrGaO4 in Zn containing 
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compounds from weak reflections in powder XRD patterns. 
The unit cell parameters are determined and given in the table (5.16). 
Table(5.16) shows that upon calcination  the crystals convert into the relevant 
oxide forms and exhibit, more or less  the same orthorhombic unit cell 
parameters. 
 
(a) 
 
(b) 
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Figure (5.7): The Powder XRD patterns for the oxides of calcined 
crystals (a) Mn0.10Fe0.36Ni0.54O0.3 (b) Mn0.08Fe0.74Ni0.18O0.2 (c) 
Mn0.28Fe0.43Ni0.29O0.6
(c) 
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Table (5.13): X-ray diffraction results for the oxide of calcined crystal   
Mn0.10Fe0.36Ni0.54O0.3
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
18.812 8.07 4.71704 (121) 
30.657 62.96 2.91616 (320) 
36.069 283.78 2.49074 (204) 
37.649 101.63 2.38907 (411) 
43.697 240.69 2.07145 (044) 
54.175 43.61 1.69296 ( 405) 
57.738 135.57 1.59668 (444) 
63.345 332.78 1.46819 (181) 
66.649 7.35 1.40321 (471) 
71.68 16.38 1.31361 (191) 
75.817 70.57 1.25470 (248) 
79.950 66.13 1.19991 (580) 
Table (5.14): X-ray diffraction results for the oxide of calcined crystal  
Mn0.08Fe0.74Ni0.18O0.2
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
30.421 67.67 2.93820 (213) 
33.367 117.11 2.68525 (114) 
35.805 375.90 2.50782 (124) 
41.073 29.75 2.19750 (115) 
43.485 85.26 2.01106 (342) 
49.686 60.04 1.83488 (261) 
54.263 93.26 1.69042 (170) 
57.480 136.67 1.60323 (326) 
63.057 212.92 1.47419 (445) 
64.224 56.51 1.45019 (082) 
74.623 45.80 1.27178 (714) 
75.658 33.22 1.25694 (292) 
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Table (5.15): X-ray diffraction results for the oxide of calcined crystal 
Mn0.28Fe0.43Ni0.29O0.6
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
18.497 25.85 4.79664 (121) 
30.332 114.92 2.94664 (213) 
35.696 572.32 2.51520 (303) 
37.356 37.68 2.40715 (043) 
43.361 113.62 2.08670 (252) 
53.744 52.52 1.70552 (540) 
57.268 181.29 1.60865 (363) 
62.878 250.30 1.47796 (641) 
66.018 7.99 1.41508 (472) 
71.286 20.69 1.32288 (481) 
74.368 59.40 1.27551 (185) 
79.316 16.94 1.20790 (636) 
 
Table (5.16): The cell parameters for the calcined Mn-Fe-Ni levo tartrate 
crystals 
Unit cell parameters Sample No. Calcined sample 
a (Ǻ) b (Ǻ) c (Ǻ) 
1 Mn0.10Fe0.36Ni0.54O0.3 10.0000 12.0000 11.5000 
2 Mn0.08Fe0.74Ni0.18O0.2 10.0000 12.0000 11.5000 
3 Mn0.28Fe0.43Ni0.29O0.6 10.2000 12.5000 11.3000 
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5.4.2.3.2 Powder XRD of calcined Mn-Fe-Co Levo Tartrate 
Crystals 
Crystals were calcined at 750 °C for one hour in a muffle furnace in air 
and the powder XRD analysis was carried out. The powder XRD patterns are 
given in the figures (5.8) (a) to (c).   
Alike the Fe-Mn-Ni ternary levo tartrate heated samples, in the present 
study also the powder XRD patterns of figure (5.8) (a) and (c) are similar, 
whereas the figure (5.8) (b) is showing the presence of extra reflections.  
The powder XRD data are compiled in tables (5.17), (5.18) and (5.19). 
The unit cell parameters are given in the table (5.20), which shows 
orthorhombic system. Very less variation in the unit cell parameters is 
observed. 
 
(a) 
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(b) 
 
 
Figure (5.8): The Powder XRD patterns for the oxides of calcined 
crystals (a) Mn0.15Fe0.28Co0.57O0.5 (b) Mn0.07Fe0.75Co0.18O0.5 and (c) 
Mn0.54Fe0.26Co0.20O0.4  
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Table (5.17): X-ray diffraction results for the oxide of calcined crystal  
Mn0.15Fe0.28Co0.57O0.5
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
18.693 16.92 4.74671 (201) 
30.657 57.60 2.91618 (321) 
36.063 212.66 2.49047 (411) 
37.715 19.05 2.38507 (420) 
43.811 52.42 2.06630 (215) 
54.306 28.13 1.68318 (541) 
57.883 93.00 1.59301 (630) 
63.578 117.02 1.46336 (346) 
66.831 3.72 1.39983 (516) 
72.153 10.42 1.30911 (733) 
75.230 23.95 1.26302 (821) 
79.901 5.94 1.20053 (194) 
 
Table (5.18): X-ray diffraction results for the oxide of calcined crystal  
Mn0.07Fe0.75Co0.18O0.5
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
30.299 45.90 2.94978 (041) 
33.390 93.09 2.68343 (133) 
35.718 234.57 2.51371 (313) 
41.097 27.46 2.19624 (152) 
43.271 46.69 2.09083 (044) 
49.713 51.08 1.83394 (045) 
54.324 72.06 1.68868 (504) 
57.179 84.61 1.61096 (117) 
62.751 158.99 1.48064 (463) 
64.249 50.70 1.44968 (281) 
72.286 25.47 1.30703 (481) 
74.221 25.88 1.27767 (009) 
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Table (5.19): X-ray diffraction results for the oxide of calcined crystal  
Mn0.54Fe0.26Co0.20O0.4  
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
18.415 13.58 4.81782 (201) 
30.141 63.24 2.96486 (321) 
33.269 12.60 2.69290 (042) 
35.495 207.10 2.52899 (204) 
37.026 23.87 2.42786 (420) 
43.090 49.61 2.09920 (324) 
53.427 27.59 1.71489 (452) 
55.485 11.67 1.65606 (270) 
56.873 85.35 1.61889 (630) 
62.397 120.97 1.48820 (544) 
73.798 31.63 1.28395 (812) 
78.570 12.56 1.21749 (229) 
Table (5.20): The cell parameters for the calcined Mn-Fe-Co levo tartrate  
crystals 
Unit cell parameters Sample No. Calcined sample 
a (Ǻ) b (Ǻ) c (Ǻ) 
1 Mn0.15Fe0.28Co0.57O0.5  10.4000 12.0000 11.5000 
2 Mn0.07Fe0.75Co0.18O0.5 10.4000 12.2000 11.5000 
3 Mn0.54Fe0.26Co0.20O0.4 10.6000 12.2000 11.5000 
  
 Looking at figures (5.7b) and (5.8b), the large number of reflections 
suggests that iron oxide is giving its prominent signature, however, it seems 
that the samples retain the single phase nature rather than the extra phase of 
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iron oxide, this can be verified from the figure (4.10) (f) of chapter-IV in 
section-4.5.2.2. 
  
5.4.3  Thermal Study of the Ternary Levo Tartrate           
                   Crystals 
A thermal study of a ternary cadmium-zirconium-sodium oxalate with 
open framework has been reported by Jeanneau et al.20 Thermolysis of 
ternary ammonium chloride of rhenium and noble metals is carried out by 
Meyer and Möller21, thermal decomposition of ammonium 
hexachlorometalates (NH4)2 (MCl6) [M=Pd, Re, Os, Ir, Pt], (NH4)3 [RbCl5.H2O 
(NH4)4 [Ru2Cl10O] was investigated by thermogravimetry and the ultimate 
products were finely derived metal powders. However no thermal study is 
reported on ternary tartrate compounds.       
In the present study, the thermal study of Mn-Fe-Ni and Mn-Fe-Co levo 
tartrate crystals is discussed. Thermal stability of the crystals was assessed 
by Thermo-gravimetry Analysis (TGA). 
5.4.3.1 Thermogravimetry of Mn-Fe-Ni Levo Tartrate 
Crystals 
  Figure (5.9) shows the thermogram of Mn0.10Fe0.36Ni0.54C4H4O6·n H2O 
crystal, which indicates that the compound is stable up to 95°C and then 
starts losing crystalline water and  becomes anhydrous at 180°C after losing 
the approximately 17.5 % weight of its original weight. Above 280°C 
temperature, the weight loss is very rapid and decomposition process occurs 
between 280°C to 410°C with the loss of nearly further 51 % of its original 
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weight. Beyond this temperature, a negligible weight loss is noticed and the 
sample remains almost stable in oxide form. Almost 73.56% of original weight 
is lost during the analysis. Table(5.21) shows the results of thermal 
decomposition in terms of theoretically calculated and experimentally attained 
weight losses. From the analysis it is found that 2.4 water molecules are 
associated with the crystal. 
 The increase in the thermogram trace is observed above 700°C which 
may be due to re-absorbing the released oxygen by the compound.  
  
 
 
Figure (5.9): Thermogram of the Mn0.10Fe0.36Ni0.54C4H4O6·2.4 H2O crystal 
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Table (5.21): The decomposition process of Mn0.1Fe0.36Ni0.54C4H4O6·2.4 
H2O crystal and TG results. 
Temperature
(°C ) 
Substance Theoretical 
Weight (%) 
(calculated) 
Experimental 
Weight (%) (from 
plot) 
Room 
Temperature
Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O 100 100 
180°C Mn0.1Fe0.36Ni0.54C4H4O6 82.36 82.5 
410°C Mn0.1Fe0.36Ni0.54O+1/2O 32.60 31.00 
 
Figure(5.10) shows the thermogram of Mn0.08Fe0.74Ni0.18·C4H4O6. nH2O 
crystal, which indicates that the compound is stable up to 100°C and then 
starts losing crystalline water and  becomes anhydrous at 172°C after having 
lost approximately 18 % of its original weight. Above 270°C temperature, a 
rapid decomposition process is observed up to 382°C with the loss of nearly 
next 42 % of its original weight. Thereafter, an intermediate state of an oxide 
followed by the final oxide state is achieved at 590°C and the sample remains 
almost stable up to the end of analysis. Almost 74.20 % of original weight was 
lost during the analysis. Table(5.22) shows the results of thermal 
decomposition in terms of theoretically calculated and experimentally attained 
weight losses. It is found that 2.5 water molecules are associated with the 
crystal.  
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TG/% 
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Temperature/°C 
Figure (5.10): Thermogram of the Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O crystal 
 
Table (5.22): The decomposition process of Mn0.08Fe0.74Ni0.18·C4H4O62.5 
H2O crystal and TG results. 
Temperature
        (°C ) 
Substance Theoretical  
Weight (%) 
(calculated) 
Experimental  
Weight (%) 
 (from plot) 
Room  
Temperature
Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O 100  100 
172°C Mn0.08Fe0.74Ni0.18·C4H4O6 81.67 82.00 
382°C Mn0.08Fe0.74Ni0.18O+2O  41.68 40.00 
590°C Mn0.08Fe0.74Ni0.18O 28.88 25.24 
 
Figure(5.11) shows the thermogram of Mn0.28Fe0.43Ni0.29·C4H4O6.nH2O 
crystal, which indicates that the compound is stable up to 100°C and then 
starts losing crystalline water and  becomes anhydrous at 188°C after losing 
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nearly 18 % of its original weight. A rapid decomposition process between 
220°C to 391°C is observed with nearly loss of 45 % of its original weight. 
Thereafter, the weight loss is slow which includes an intermediate state of an 
oxide and the final oxide state is achieved at 600°C. Beyond 600°C 
temperature the trace of thermogram again rises, which may be due to re-
absorbing oxygen by the sample. 
Table (5.23) shows the results of thermal decomposition in terms of 
theoretically calculated and experimentally attained weight losses. 
Calculations suggest 2.6 water molecules are associated with the crystal.  
 
Temperature / oC 
Figure (5.11): Thermogram of the Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O crystal 
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Table (5.23): The decomposition process of 
Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O crystal and TG results. 
Temperature
        (°C ) 
Substance Theoretical 
 Weight (%) 
(calculated) 
Experimental 
 Weight (%) 
 (from plot) 
Room  
Temperature
Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O 100  100 
188°C Mn0.28Fe0.43Ni0.29·C4H4O6 81.36 82.00 
391°C Mn0.28Fe0.43Ni0.29O+1/2O  35.18 37.00 
600°C Mn0.28Fe0.43Ni0.29O 28.81 25.00 
 
For sample (2) and sample (3) a small intermediate stage of oxide is 
observed at 527°C and 522.6°C, respectively. Final stages of oxides are 
occurred at 900°C for sample (1) and sample (2), while for sample (3) it is at 
700°C. Figures (5.9-5.11) show DTG traces also. 
Thermal studies of iron (II) tartrate and iron-nickel mixed tartrate4 
reported earlier and as discussed in the chapter-IV for the crystals of iron-
manganese mixed tartrate, it has been found that pure iron tartrate is stable 
up to 125oC, iron-nickel tartrate (Fe0.8 Ni0.2 C4H4O6 . 3H2O )   is stable up to 
maximum 130oC , manganese tartrate is stable up to 910 C and iron- 
manganese tartrate(Fe0.8 Mn0.2 C4H4O6 . 2.5H2O) is stable up to 820 C . 
 From the present  study of the ternary manganese-iron-nickel crystals 
it is found that the crystals are  stable up to 95ºC, 100 ºC and 100 ºC, 
respectively.  The thermal stability of ternary manganese-iron-nickel tartrate 
crystals is low in comparison to iron tartrate and iron- nickel mixed tartrate.  
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5.4.3.2 Thermogravimetry of Mn-Fe-Co Levo Tartrate 
Crystals 
Figure(5.12) shows the thermogram of Mn0.15Fe0.28Co0.57C4H4O6·n H2O 
crystal, which indicates that the compound is stable up to 100 °C and then 
starts losing crystalline water and  becomes anhydrous at 180 °C after losing 
approximately 18 % of its original weight. Above 260 °C temperature, a rapid 
decomposition process occurs between 260 °C to 400 °C with the loss of 
nearly next 44 % of its original weight. On further heating, an intermediate 
state of an oxide and, thereafter, the final oxide state are achieved at 600 °C. 
Almost 75.30 % of original weight is lost during the analysis. A slight increase 
in the thermogram trace is observed which may be due to the re-absorption of 
oxygen. Table(5.24) shows the results of thermal decomposition in terms of 
the theoretically calculated and the experimentally attained weight losses. 
Calculation suggests 2.5 water molecules are associated with the crystal.  
Figure (5.12): Thermogram of the Mn0.15Fe0.28Co0.57C4H4O6·2.5 crystal 
Table (5.24): The decomposition process of Mn0.15Fe0.28Co0.57C4H4O6·2.5 
H2O crystal and TG results. 
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Temperature
      (°C ) 
Substance Theoretical  
Weight (%) 
(calculated) 
Experimental 
Weight (%)  
(from plot) 
Room  
Temperature
Mn0.15Fe0.28Co0.57C4H4O6·2.5 H2O 100  100 
180°C Mn0.15Fe0.28Co0.57C4H4O6 82.15 82.00 
400°C Mn0.15Fe0.28Co0.57O+2O  35.76 38.00 
593°C Mn0.15Fe0.28Co0.57O 29.64 25.14 
 
Figure (5.13) exhibits the thermogram of Mn0.07Fe0.75Co0.18·C4H4O6.n 
H2O crystal, which indicates that the compound is stable up to 85 °C and then 
starts losing crystalline water and  becomes anhydrous at 165 °C after the 
weight loss of approximately 18 % of its original weight. A rapid 
decomposition process between 200 °C to 388 °C with the loss of nearly 42 % 
of its original weight is observed. Further the weight loss is slow which 
includes an intermediate state of an oxide; thereafter, the final oxide state is 
achieved at 632 °C. Almost 73.90 % of original weight was lost during the 
analysis. A slight rise in the thermogram trace is observed at higher 
temperature which may be due to the re-absorption of oxygen. Table(5.25) 
shows the results of thermal decomposition in terms of theoretically calculated 
and experimentally attained weight losses. It has been estimated that 2.5 
water molecules are associated with the crystal.  
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Figure(5.13): Thermogram of the Mn0.07Fe0.75Co0.18·C4H4O62.5 H2O crystal 
Table(5.25):The decomposition process of Mn0.07Fe0.75Co0.18·C4H4O62.5 
H2O crystal and TG results. 
Temperature
        (°C ) 
Substance Theoretical 
 Weight (%) 
(calculated) 
Experimental  
Weight (%)  
   (from plot) 
Room  
Temperature
Mn0.07Fe0.75Co0.18·C4H4O62.5 H2O 100  100 
165°C Mn0.07Fe0.75Co0.18·C4H4O6 82.05 82.00 
388°C Mn0.07Fe0.75Co0.18O+2O  41.88 40.00 
632°C Mn0.07Fe0.75Co0.18O 29.04 26.00 
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Figure(5.14): Thermogram of the Mn0.54Fe0.26Co0.2·C4H4O62.4H2O crystal 
 
 
Figure (5.14) describes the thermogram of 
Mn0.54Fe0.26Co0.2·C4H4O6.nH2O crystal, which indicates that the compound is 
stable up to 90°C and then starts losing crystalline water and becomes 
anhydrous at 178°C after losing the weight approximately 18 % of its original 
weight. Further, above this temperature up to 200°C, the mass loss is very 
slow followed by a rapid decomposition process between 200°C to 400°C with 
the loss of 45 % of its original weight. Thereafter, the weight loss is slow 
which includes an intermediate state of an oxide and the final oxide state is 
achieved at 594°C. Almost 75.04 % of original weight is lost during the 
analysis. A slight rise in the thermogram trace is observed, which may be due 
to re-absorption of oxygen. Table(5.26) shows the results of thermal 
decomposition in terms of theoretically calculated and experimentally attained 
weight losses. It has been found that 2.4 water molecules are associated with 
the crystal.  
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It can be noticed from the thermograms of both Mn-Fe-Ni and Mn-Fe-
Co ternary levo tartrate crystals that samples initially dehydrate and become 
anhydrous and then further decompose into oxides of higher bulk oxygen 
content and ultimately they decompose into the respective oxides. Also, slight 
increase in the trace of the thermogram is observed which may be due to re-
absorption of oxygen by the compound at higher temperatures. From the 
tables, it can be noticed that dehydration temperatures and decomposition 
temperatures into the final oxides stages changes from samples to samples 
and depend upon the composition.  
 
Table (5.26): The decomposition process of 
Mn0.54Fe0.26Co0.2·C4H4O62.4H2O  crystal and TG results. 
 
Temperature
        (°C ) 
Substance Theoretical 
weight 
(%) 
(calculated) 
Experimental 
weight 
(%) (from plot) 
 
Room  
Temperature
Mn0.54Fe0.26Co0.2·C4H4O62.4H2O 100  100 
178°C Mn0.54Fe0.26Co0.2·C4H4O6 82.29 82.00 
400°C Mn0.54Fe0.26Co0.2O+3/2O  38.71 37.00 
594°C Mn0.54Fe0.26Co0.2O 29.03 25.00 
 
The probable reason of the difference between the theoretically 
calculated and the experimentally obtained values may be due to some 
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inclusion from the gel in terms of identification of small trace of silicon in the 
crystal from EDAX and oxygen associated with the silicon atoms. Associated 
number of water molecules are calculated and shown in the tables. 
The correct formula for ternary Mn-Fe-Ni and Mn-Fe-Co levo tartrate 
crystals can be written as mentioned in the following tables (5.27) and (5.28) 
respectively, after EDAX and TGA study. 
 
Table (5.27): Correct formula for Mn-Fe-Ni Levo tartrate crystals after 
EDAX and TGA study. 
Sample 
No. 
Estimated formula from the TGA 
1 Mn0.10Fe0.36Ni0.54C4H4O6·2.4H2O 
2 Mn0.08Fe0.74Ni0.18C4H4O6.2.5H2O 
3 Mn0.28Fe0.43Ni0.29C4H4O6.2.6H2O 
 
Table (5.28): Correct formula for Mn-Fe-Co Levo tartrate crystals after 
EDAX and TGA study. 
 
Sample 
No. 
Estimated formula from the TGA 
1 Mn0.15Fe0.28Co0.57C4H4O6·2.5H2O 
2 Mn0.07Fe0.75Co0.18C4H4O6·2.5H2O 
3 Mn0.54Fe0.26Co0.20C4H4O6·2.4H2O 
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In the following remaining discussion, the estimated formulae of the 
crystals are used as mentioned in the tables (5.27) and (5.28). 
 
5.4.4  Kinetic Study of Dehydration of Ternary Levo Tartrates 
Kinetic study of dehydration has been carried out for ternary levo tartrate 
crystals by applying Coats and Redfern relation to the respective 
thermograms. Coats and Redfern relation is already explained in chapter-IV in 
section 4.5.4.    
The reactivity of oxalates of La (III), Ba(II) and Cu(II) in ternary mixtures 
have been investigated22. However, no study is on kinetics of ternary tartrate 
compounds is reported. 
 
5.4.4.1 Mn-Fe-Ni Levo Tartrate Crystals 
 Figure (5.15) (a) to (c) are the plots of Coats and Redfern relation for 
grown all the three types Mn-Fe-Ni levo tartrate crystals. From the slope of the 
plots the values of activation energy and frequency factor are calculated. 
 
Table (5.29) gives the values of different kinetic parameters obtained 
from the Coats and Redfern relation. The values of kinetic parameters change 
with composition of the crystal.   
 
 
 
 
Growth and Characterization of Mn-Fe-Ni and Mn-Fe-Co mixed levo tartrate crystals 
 
 
242 
    CHAPTER-V 
2 .3 x 1 0 -3 2 .4 x 1 0 -3 2 .5 x 1 0 -3
4 .8
5 .0
5 .2
5 .4
5 .6
5 .8
6 .0
Y
1 /T (K -1 )
( a )
n = 1 .2 5
 
2 .4 x 1 0 -3 2 .5 x 1 0 -3
5 .2
5 .3
5 .4
5 .5
5 .6
5 .7
5 .8
5 .9
Y
1 /T (K -1 )
(b )
0 .2 5
 
2 .3 x 1 0 -3 2 .4 x 1 0 -3 2 .5 x 1 0 -3
5 .2
5 .3
5 .4
5 .5
5 .6
5 .7
5 .8
5 .9
Y
1 /T ( K -1 )
( c )
n = 0 .5
 
Figure (5.15): Plots of Coats and Redfern relation for (a) 
Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O (b) Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O and (c) 
Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O crystals 
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 Where Y= -log10 [{1-(1-α)(1-n) }/{ T2 (1-n)}]. 
 
Table (5.29): The values of different kinetic parameters obtained from the 
Coats and Redfern relation for Mn-Fe-Ni levo tartrate crystals 
No. Sample Order of 
reaction 
n 
Activation 
Energy  
E 
kJMol-1
Frequency 
factor 
A 
 1 Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O 1.25 87.56 4.57x1021
2 Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O 0.25 67.20 9.98x1018
3 Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O 0.50 66.86 1.45x1019
 
5.4.4.2 Mn-Fe-Co Levo Tartrate Crystals 
The kinetic parameters were obtained for the Mn-Fe-Co ternary levo 
tartrate crystals. The results are tabulated in the following table (5.30). 
 It can be observed from tables (5.29) and (5.30) that the values of 
activation energy, frequency factor and order of reaction change with 
composition of the crystal. However, for the Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O 
and Mn0.07Fe0.75Co0.18·C4H4O62.5 H2O crystals the kinetic parameters, such as 
the activation energy and the frequency factor, are nearly the same. The 
replacement of Co for Ni does not affect much so far as the kinetic 
parameters are concerned. 
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Figure (5.16): Plot of Coats and Redfern relation for  
(a) Mn0.15Fe0.28Co0.57C4H4O6·2.5 H2O (b) Mn0.07Fe0.75Co0.18·C4H4O62.5 H2O 
and (c) Mn0.54Fe0.26Co0.2·C4H4O62.4H2O  crystals 
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Table (5.30): The  values of different kinetic parameters obtained from 
the Coats and Redfern relation for the Mn-Fe-Co levo tartrate crystals 
No. Sample Order 
of 
reaction
n 
Activation
Energy  
 Frequency 
factor 
E 
kJMol-1
A 
1 Mn0.15Fe0.28Co0.57C4H4O6·2.5 H2O 0.25 75.51 2.00x1020
2 Mn0.07Fe0.75Co0.18·C4H4O62.5 H2O 0.50 67.06 1.12x1019
3 Mn0.54Fe0.26Co0.2·C4H4O62.4H2O 1.25 84.98 1.50x1021
 
 
 
 5.4.5  Thermodynamic Parameters 
 The thermodynamic parameters of dehydration of Mn-Fe-Ni and Mn-
Fe-Co ternary levo tartrate compounds have been estimated as discussed in 
section 4.5.5 of Chapter-IV. 
 
5.4.5.1 Mn-Fe-Ni Levo Tartrate Crystals 
Table (5.31) summarizes the values of different thermodynamic 
parameters, i.e., standard entropy, standard enthalpy, standard Gibbs free 
energy and standard change in internal energy, obtained for dehydration of 
Mn-Fe-Ni levo tartrate crystalline samples.  
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Table (5.31):The values of different thermodynamic parameters of Mn-
Fe-Ni levo tartrate crystals 
 
No. Sample Standar
d 
Entropy
∆# S° 
Jkmol-1
Standard 
Enthalpy 
∆#  H° 
kJ Mol -1
Standard
Gibbs 
free 
energy 
 Standard 
change 
in 
internal 
energy ∆# G° 
kJ Mol -1 ∆# U°   
kJ Mol -1
1 Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O 167.04 80.70 11.71 84.13 
2 Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O 116.10 60.33 12.38 63.77 
3 Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O 119.20 59.99 10.76 63.42 
From the table (5.31) it can be noticed that standard entropy of 
activation ∆#Sº and standard enthalpy of activation ∆#Hº are positive and 
suggest that the process is spontaneous at high temperatures. Positive value 
of standard Gibbs free energy ∆#Gº suggests that the samples are 
thermodynamically unstable. However, the values of ∆#Gº remain almost the 
same for different samples. 
5.4.5.2 Mn-Fe-Co Levo Tartrate Crystals 
Similarly, the thermodynamic parameters were obtained for the Mn-Fe-
Co ternary levo tartrate crystals and the results are compiled in the table 
(5.32). From the table it can be noted that standard entropy of activation ∆#Sº 
and standard enthalpy of activation ∆#Hº are positive and suggest that the 
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process is spontaneous at high temperatures. Positive value of standard 
Gibbs free energy ∆#Gº suggests that the samples are thermodynamically 
unstable. However, the values of ∆#Gº remain almost the same for different 
samples. 
Table (5.32): The values of different thermodynamic parameters of Mn-
Fe-Co levo tartrate crystals 
No. Sample Standard 
Entropy
∆# S° 
Jkmol-1
Standard 
Enthalpy
∆#  H° 
kJ Mol -1
Standard 
Gibbs free 
energy 
∆# G° 
kJ Mol -1
Standard 
change in 
internal 
energy  
∆# U°    
kJ Mol -1
1 Mn0.15Fe0.28Co0.57C4H4O6·2.5 
H2O 
141.01 68.64 10.41 72.08 
2 Mn0.07Fe0.75Co0.18·C4H4O62.5 
H2O 
117.04 60.19 11.86 63.63 
3 Mn0.54Fe0.26Co0.2·C4H4O62.4H2O 157.68 78.01 11.92 81.50 
 
 
5.4.6 Dielectric studies of the Ternary Levo Tartrate 
crystals 
             In the present investigation, the dielectric study was carried out on the 
pellets of powdered samples in the usual manner. The dielectric constant was 
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determined at room temperature from the values of capacitance within the 
frequency range from 500 Hz to 1 MHz.  
 As already discussed in the  section 4.5.6 of chapter-IV, several 
researchers have carried out the dielectric studies on various compounds, 
including pure and mixed (or binary) tartrates of metals, but to best of the 
present author’s knowledge this is the first attempt to study the dielectric 
nature of  ternary tartrate compound.  
5.4.6.1 Mn-Fe-Ni Levo Tartrate Crystals 
            The variation of dielectric constant with the frequency of applied field 
is shown in figures (5.17) for different samples. The value of dielectric 
constant decreases with increase in the frequency of applied field. In the 
sample-1 very less variation is observed while the sample-3 shows the 
maximum variation. It is observed that as the frequency of the applied field 
increases the value of dielectric constant decreases. This behavior can be 
explained as the electronic exchange of the number of ions in the crystal 
gives local displacement of electron in the direction of applied field, which 
gives the polarization.  
As the frequency increase the point is reached where the space charge 
cannot sustain and comply with the external field, therefore, the polarization 
decreases and exhibits a reduction in the value of dielectric constant with 
increase in the frequency. However, this effect is poorly visible in sample-1 
which means the dielectric response is nearly field independent in the range 
of the frequency of the applied field studied. 
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Figure (5.17): Plot of dielectric constant k versus log f for the samples  
(1) Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O (2) Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O and 
(3) Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O  
 
 Figure (5.18) shows the plots for dielectric loss (tan δ) versus 
frequency. The natures of the plots are the same as those of figure (5.17). 
The sample-1 is less lossy with comparison to the other two. The imaginary 
part of the complex permittivity, which is related to the rate at which energy is 
absorbed by the medium, is calculated and figure (5.19) shows the variation 
of the imaginary part of complex permittivity є’’ with frequency of the applied 
field, again it exhibits the same nature as those of real part of the complex 
permittivity of figure (5.17).  
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Figure (5.18): Plot of tan δ versus log f for the samples  
(1) Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O (2) Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O and 
(3) Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O  
 
 
Figure (5.19): Plot of є’’ versus log f for the samples  
(1) Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O (2) Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O and 
(3) Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O  
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The values of a.c. conductivity and a.c. resistivity were calculated as 
mentioned in section 4.5.6 of chapter-IV. 
 The plots of a.c. conductivity versus frequency of applied field are 
shown in figure (5.20). The value of a.c. conductivity increases rapidly as the 
frequency of applied fields increases. Figure (5.21) shows the variation of a.c. 
resistivity with respect to the frequency. The reverse is the case with the a.c. 
resistivity, which decreases as the frequency of applied field increases. The 
a.c. resistivity is the highest for the sample-3. The values of a.c. conductivity 
are nearly the same in the low frequency region. 
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Figure (5.20): Plot of a.c. conductivity σac versus log f for the samples  
(1) Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O (2) Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O and 
(3) Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O  
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Figure (5.21): Plot of a.c. resistivity ρac versus log f for the samples  
(1) Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O (2) Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O and 
(3) Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O  
 
5.4.6.2 Mn-Fe-Co Levo Tartrate Crystals 
A dialectic study was carried out for the Mn-Fe-Co levo tartrate crystals also. 
Figure (5.22) indicates the plots of dielectric constant versus frequency of 
applied field for different samples. From the plot it can be concluded that 
dielectric constant decreases as the frequency of applied field increases, 
which is the similar behavior as found in Mn-Fe-Ni levo tartrate crystals. After 
100K Hz the dielectric constant becomes almost constant for all the samples.  
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Figure (5.22): Plot of dielectric constant k versus log f for the samples  
(1) Mn0.15Fe0.28Co0.57C4H4O6·2.5 H2O (2) Mn0.07Fe0.75Co0.18·C4H4O62.5 H2O 
and (3) Mn0.54Fe0.26Co0.2·C4H4O62.4H2O   
 
Figure (5.23): Plot of tan δ versus log f for the samples  
(1) Mn0.15Fe0.28Co0.57C4H4O6·2.5 H2O (2) Mn0.07Fe0.75Co0.18·C4H4O62.5 H2O 
and (3) Mn0.54Fe0.26Co0.2·C4H4O62.4H2O   
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The variation in the dielectric loss (tan δ) with frequency is shown in 
figure(5.23) , in which Sample-3 is found more lossy. 
 
The nature of the plot of imaginary part of the complex permittivity versus 
frequency of applied field is the same as that of figure (5.19) for Mn-Fe-Ni levo 
tartrate crystals which is shown in figure (5.24). The imaginary part of the 
permittivity, which is related to the rate at which energy is absorbed by the 
medium, is decreasing with increasing frequency. As we move from sample-1 
to sample-3, maximum value of imaginary part increases. 
The a. c. conductivity remains stable for all samples as the frequency of 
applied field is increased up to a certain extent and then it increases rapidly, 
which is maximum for sample-2, as shown in figure (5.25). The a. c.  
resistivity exhibits the reverse nature as shown in figure(5.26).  
 
Figure (5.24): Plot of є’’versus log f for the samples  
(1) Mn0.15Fe0.28Co0.57C4H4O6·2.5 H2O (2) Mn0.07Fe0.75Co0.18·C4H4O62.5 H2O 
and (3) Mn0.54Fe0.26Co0.2·C4H4O62.4H2O   
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Figure (5.25): Plot of a.c. conductivity σac versus log f for the samples  
(1) Mn0.15Fe0.28Co0.57C4H4O6·2.5 H2O (2) Mn0.07Fe0.75Co0.18·C4H4O62.5 H2O 
and (3) Mn0.54Fe0.26Co0.2·C4H4O62.4H2O   
2 .0 2 .5 3 .0 3 .5 4 .0 4 .5 5 .0 5 .5 6 .0 6 .5
0 .0
2 .0 x1 0 6
4 .0 x1 0 6
R
es
is
tiv
ity
-ρ a
c(o
hm
.m
)
L o g  f
 s a m p le -1
 s a m p le -2
 s a m p le -3
 
Figure (5.26): Plot of a.c. resistivity ρac versus log f for the samples  
(1) Mn0.15Fe0.28Co0.57C4H4O6·2.5 H2O (2) Mn0.07Fe0.75Co0.18·C4H4O62.5 
H2O and (3) Mn0.54Fe0.26Co0.2·C4H4O62.4H2O   
 
 
Growth and Characterization of Mn-Fe-Ni and Mn-Fe-Co mixed levo tartrate crystals 
 
 
256 
    CHAPTER-V 
5.4.7  FTIR Spectroscopy study of Ternary Levo Tartrates 
As mentioned in section 4.5.6 of Chapter-IV, the FTIR spectroscopic 
and IR spectroscopic studies have been reported for several tartrates; 
however, no attempt is made to study the FTIR spectra of ternary tartrate 
compounds.  
In the present study, the FT-IR spectra were recorded in the 400 cm-1 
to 4000 cm-1 range using powdered samples in the KBr medium.  
 
5.4.7.1 Mn-Fe-Ni Levo Tartrate Crystals 
Figures (5.27) (a), (b), (c) and tables(5.33), (5.34), (5.35) indicate FTIR 
spectra of Mn-Fe-Ni levo tartrate crystals. It can be observed from the spectra 
that the water of crystallization is associated with all crystals resulting 
absorption within 3100-3600cm-1. The carboxyl (C=O) group stretching 
vibrations are observed as broad absorptions around 1600 cm-1. The O-H 
deformation out of plane and C-H stretching occur from 950-630 cm-1. The C-
O stretching vibrations are observed in all samples within 1290-929 cm-1. This 
proves that the O-H bond, the C=O group C-H bond and C-O bond are 
present. It is also seen from figure (5.27) that the sharpness of absorption 
bands changes in the range of 930 to 633 cm-1, which is due to O-H 
deformation out of plane and C-H stretching. Interference or perturbation are 
expected to shift characteristic bands due to (i) the electro negativity of 
neighboring group of atoms or (ii) the mechanical mixing of vibrational 
modes23. The atomic mass of Mn, Fe and Ni are 54.938, 55.847 and 58.69, 
respectively, which cause slight alteration in the molecular geometry and 
mechanical vibrations and as a consequence it is reflected in the spectra in 
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terms of slight changes in absorption bands in FT-IR spectra below 600cm-1. 
This may be due to mechanical mixing of vibrations or due to the presence of 
three different kinds of metal-oxygen vibrations. 
 
Figure (5.27a): The FTIR spectra for Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O 
crystal  
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Table  (5.33): The assingnments for  Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O 
crystal 
 
Wave Number in cm -1 Assignments 
3616.0,3455.5 O-H stretching 
1441.6 C=O stretching 
1381.4 O-H in plane deformation 
1288.7 ,1236.9, 1084.1 C-O Stretching 
1046.7 C-H stretching 
718.6 O-H deformation out of plane and C-H 
stretching 
630.1 O-H deformation out of plane and C-H 
stretching 
520.0 
485.4 
Metal-Oxygen bonding 
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Figure (5.27b): The FTIR spectra for Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O  
crystal 
 
 
 
 
 
Table (5.34): The assingnments for Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O 
crystal 
 
Wave Number in cm -1 Assignments 
3426.6 O-H stretching 
1536.3 C=O stretching 
1437.3 O-H in plane deformation 
1121.3 C-O Stretching 
1047.5 C-H stretching 
629.8 O-H deformation out of plane and C-H 
stretching 
529.9 Metal-Oxygen bonding 
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Figure (5.27c): The FTIR spectra for Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O 
crystal 
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Table  (5.35): The assingnments for Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O 
crystal 
Wave Number in cm -1 Assignments 
3444.2 O-H stretching 
1579.6 C=O stretching 
1300.2 O-H in plane deformation 
1220.3 C-O Stretching 
1049.8 C-H stretching 
712.8 O-H deformation out of plane and C-H 
stretching 
636.5 O-H deformation out of plane and C-H 
stretching 
522.3 
 
Metal-Oxygen bonding 
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5.4.7.2 Mn-Fe-Co Levo Tartrate Crystals 
  
The FTIR study was carried out for Mn-Fe-Co ternary levo tartrate 
crystals. 
 
Figures (5.28) (a), (b), (c) and tables (5.36), (5.37), (5.38)  show the 
FT-IR spectra and its assignments for the samples. Sample (a) and (b) has 
the same nature as discussed in the last section for the manganese-iron-
nickel mixed crystals while for sample (c) the free tartrate ion has two hydroxyl 
groups, which may give rise to a bands of stretching vibration of the hydroxyl 
group. The absorption within 3471.98 cm-1 is attributed to the stretching of O-
H group. The strong peak at   1579.75cm-1 is assigned to C = O stretching of 
carbonyl group. The absorptions within 1301.99cm-1   to 1126.47cm-1 are due 
to out of plane O-H deformation and C-O stretching. The C – H stretching 
mode is observed at 933.58cm-1.The absorption peaks within    582.52cm-1 to 
447.5°Cm-1 are attributed to the metal – oxygen stretching.  
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Figure (5.28a): The FTIR spectra for Mn0.15Fe0.28Co0.57C4H4O6·2.5 H2O   
crystal 
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Table (5.36): The assingnments for Mn0.15Fe0.28Co0.57C4H4O6·2.5 crystal 
 
 
Wave Number in cm -1 Assignments 
3444.5 O-H stretching 
1533.6 C=O stretching 
1378.5 O-H in plane deformation 
1292.5 C-O Stretching 
1047.5 C-H stretching 
720.2 O-H deformation out of plane and C-H 
stretching 
633.3 O-H deformation out of plane and C-H 
stretching 
530.3 
 
Metal-Oxygen bonding 
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Figure (5.28b): The FTIR spectra Mn0.07Fe0.75Co0.18·C4H4O62.5  crystal  
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table (5.37): The assingnments for Mn0.07Fe0.75Co0.18·C4H4O62.5 H2O and 
crystal 
 
 
Wave Number in cm -1 Assignments 
3375.2 O-H stretching 
1589.0 C=O stretching 
1376.8,1316.6 O-H in plane deformation 
1119.5 C-O Stretching 
820.4 C-H stretching 
720.3 O-H deformation out of plane and C-H 
stretching 
637.7 O-H deformation out of plane and C-H 
stretching 
528.5 
 
Metal-Oxygen bonding 
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Figure (5.28c): The FTIR spectra for Mn0.54Fe0.26Co0.2·C4H4O62.4H2O  
crystal 
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table (5.38): The assingnments for Mn0.54Fe0.26Co0.2·C4H4O62.4H2O  
crystal 
 
Wave Number in cm -1 Assignments 
3448.2 O-H stretching 
2365.1 C=O stretching 
1393.6 O-H in plane deformation 
1121.0 C-O Stretching 
1051.4 C-H stretching 
717.4 O-H deformation out of plane and C-H 
stretching 
533.8 
 
Metal-Oxygen bonding 
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5.4.8  Magnetic Study of Ternary Levo Tartrates 
 According to modern theories, magnetism is inseparable from quantum 
mechanics. The magnetic moment of a free atom has three principal sources; 
the spin with which electrons are endowed; their orbital angular momentum 
about the nucleus and the change in the orbital moment induced by an 
applied magnetic field. The first two effects give paramagnetic contributions to 
the magnetization, and the third gives a diamagnetic contribution24. 
Substances with a negative magnetic susceptibility are called diamagnetic; on 
the other hand, substances with positive magnetic susceptibility are called 
paramagnetic. Many standard books described various theories in details 
25, , ,26 27 28.  
 Magnetic properties of a variety of materials have been investigated. 
Raina29 studied the magnetic properties of neodymium tartrate by using 
Gouy’s method. The magnetic susceptibility of ferroelectric magnesium 
hydrogen phosphate crystals has been reported by Desai et al.30. Also, the 
magnetic behavior of vivianite (Fe3(PO4)2.8H2O)31 and ludlomite 
(Fe3(PO4)2.4H2O)32 have been investigated. Magnetic moment and 
susceptibility measurements have been carried out on mixed rare earth 
oxalate crystals 33. Magnetic properties of copper chloride hydroxide hydrate    
Cu3Cl4 (OH)2. 2H2O was studied by Asaf et al.34. This has shown interesting 
behavior, a weak ferromagnetic signal at TN = 17.5 K has been observed in 
the FC branch of d.c. magnetic susceptibility. Bhatt35 has reported magnetic 
susceptibility of manganese tartrate single crystal. While Vohra36 has reported 
magnetic susceptibility measurements of mixed iron (II) manganese tartrate 
crystals. Patel et al37considered the magnetic susceptibility data of ferrous 
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tartrate and suggested an octahedral environment around Fe-atom. Ranade 
and Subba Rao 38prepared Mn(II), Cu(II) and Ni(II) complexes with lactic acid, 
malonic acid and tartaric acid with standard technique and investigated their 
magnetic susceptibilities by using magnetic balance. Moreover, a weak 
ferromagnetism in manganese tartrate dihydrate single crystals was reported 
by Paduan-Filho and Becerra39 in their magnetic susceptibility study from the 
room temperature to 0.4K in the presence of magnetic field of 70KOe. They 
reported antiferromagnetic order below TN= 138˚K, with spin oriented close to 
the c-axis. The sharp peaks in the susceptibility and the presence of a 
remnant magnetization in the plane perpendicular to the c-axis suggested a 
weak ferromagnetic structure of spins with canting angle ≈ 0.6˚. Mixed iron-
nickel levo tartrate and iron-Co levo tartrate crystals show paramagnetic 
nature1.  Recently, Dabhi has reported the magnetic study of copper, zinc and 
cadmium tartrate crystals40. 
One-dimensional magnetism in new layered structures in piperazine-
linked copper and nickel oxalate chains has been observed.41 One 
dimensional magnetism in anhydrous iron and cobalt ternary oxalates with 
rare trigonal prismatic metal coordination environment has been observed by 
Hursthouse et al.42 Magnetic behaviors of organo-metallic complex 
compounds have been reported, for instance, [Mn (C5H6NO3)2]43 and 
Ba4(C2O4)Cl2[{Fe(OH)(C2O4)}4].44
Nevertheless, no work is reported on ternary metal tartrate systems. In 
the present investigation, the magnetic properties were studied from data of 
magnetic moment at different applied magnetic fields using VSM. The bulk 
magnetic susceptibility was calculated. 
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5.4.8.1 Mn-Fe-Ni Levo Tartrate Crystals 
  Table (5.39)gives the data of bulk magnetic susceptibility of Mn-Fe-Ni 
levo tartrate crystals. No systematic variation was observed in the magnetic 
susceptibility. However, sample-2 exhibited the minimum value of 
susceptibility. The crystals are found to be paramagnetic in nature at room 
temperature and their values of bulk magnetic susceptibility are lower than 
those reported for Fe-Mn mixed tartrate crystals. 
 
Table (5.39): The bulk magnetic susceptibility of the Mn-Fe-Ni levo 
tartrate crystals 
Sample 
No. 
Sample Magnetic susceptibility 
(χ)                   
(x10-2 Am2/kg T) 
1 Mn0.1Fe0.36Ni0.54C4H4O6·2.4 H2O 32.00 
2 Mn0.08Fe0.74Ni0.18·C4H4O62.5 H2O 27.58 
3 Mn0.28Fe0.43Ni0.29·C4H4O62.6H2O 31.54 
 
5.4.8.2        Mn-Fe-Co Levo Tartrate Crystals 
           Similarly the magnetic study was done for manganese-iron-cobalt 
mixed levo tartrate crystals. Table (5.40) gives the data of magnetic 
susceptibility. The nature of the material is   Paramagnetic. The values of bulk 
magnetic susceptibility are higher in Mn-Fe-Co ternary levo tartrate 
compounds than in Mn-Fe-Ni ternary levo tartrates, which may be due to the 
higher value of atomic magnetic moment 1.72 µB of Co than 0.62 µB of Ni.28
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Table (5.40): The bulk magnetic susceptibility of the Mn-Fe-Co levo 
tartrate crystals 
Sample 
No. 
Sample Magnetic susceptibility 
(χ)                   
(x10-2 Am2/kg T) 
1 Mn0.15Fe0.28Co0.57C4H4O6·2.5 H2O 35.51 
2 Mn0.07Fe0.75Co0.18·C4H4O62.5 H2O 42.53 
3 Mn0.54Fe0.26Co0.2·C4H4O62.4H2O 47.88 
 
 
5.5 Conclusions 
 
(1) Mn-Fe-Ni ternary levo tartrate and Mn-Fe-Co ternary levo tartrate 
crystals have been grown by single diffusion gel growth technique. The 
crystals were spherulitic in nature and their coloration changes with 
concentration and contents of various metals present. 
(2) The EDAX suggested that the Mn, Co and Ni atomic percentages were 
less than the expected ones. Contrary to this the Fe atomic 
percentages were higher than expected ones in the different ternary 
compounds. 
(3) The presence of Al and Si impurities detected in EDAX may be 
inclusion from the gel. 
(4) The powder XRD analysis suggests that Mn-Fe-Ni and Mn-Fe-Co 
ternary levo tartrate compounds exhibit orthorhombic unit cell 
structures. The variations in the unit cell parameters depend on the 
content of metals in the samples. Powder XRD suggested almost the 
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single phase nature of the samples. The Mn0.54Fe0.26Co0.20C4H4O6·n 
H2O sample suggest slightly larger unit cell and it is also reflected in 
the XRD pattern. 
(5) The ternary tartrate compounds were calcined at 750°C for 60 minutes 
and the powder XRD study was carried out. The powder XRD analysis 
suggests orthorhombic unit cell structure for respective ternary oxide 
materials. All ternary oxides have represented the single phase nature. 
The powder XRD patterns of Mn0.08Fe0.74Ni0.18O0.2 and 
Mn0.07Fe0.75Co0.18O0.5 exhibit the same nature and differ slightly from 
the other compounds in their respective family, which may be due to 
higher occupancy of iron then expected ones 
(6) The thermal properties of Mn-Fe-Ni and Mn-Fe-Co ternary levo tartrate 
compounds have been studied by employing thermogravimetry. All 
samples dehydrate between 165°C to 188°C and then decompose in to 
higher oxygen content oxides and further decompose in to respective 
oxides in the range of temperatures from 410°C to 590°C. Some 
samples also gain weight at higher temperatures due to re-absorption 
of oxygen. 
(7) The kinetic and thermodynamic parameters for dehydrations have 
been estimated. The Coats and Redfern relation is used for estimating 
the frequency factor, the activation energy and the order of reaction. 
The values of these parameters were found to be dependent on the 
composition of the ternary compound and varied from the sample to 
sample. The similar nature of the values of parameters for 
Mn0.08Fe0.74Ni0.18C4H4O6.2.5H2O and Mn0.07Fe0.75Co0.18C4H4O6·2.5H2O 
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samples suggests the similar chemical environment and the changes 
are only in the terms of replacement of Ni by Co. The positive values of 
standard entropy of activation and standard enthalpy of activation 
suggest the spontaneous nature of the process at higher temperature. 
The positive value of the standard Gibbs free energy suggests that the 
samples are thermodynamically unstable.  
(8) The variation of dielectric constant with frequency of applied field for 
Mn-Fe-Ni and Mn-Fe-Co ternary levo tartrates suggests that as the 
frequency increases the dielectric constant decreases. This suggests 
that dipole can not comply with the changes in the applied field. 
However, some effect of composition of the sample is found on the 
nature of the variation of dielectric constant. The dielectric loss (tan δ) 
and the imaginary part of the complex permittivity (ε”) also decrease as 
the frequency of applied field increases. The a.c. conductivity and a.c. 
resistivity values have been calculated. The variation of a.c. 
conductivity of ternary tartrate compounds suggest that the a.c. 
conductivity increases with increase in the frequency of applied field, 
however, the reverse nature is observed for the a.c. resistivity. 
(9) The FTIR spectroscopy study of Mn-Fe-Ni and Mn-Fe-Co ternary levo 
tartrate compounds suggest the presence of O-H, C=O, C-O, C-H 
bonds. The effect of variation in the spectra due to metallic content 
changes is not easily detected. 
(10) The bulk magnetic susceptibility was calculated from the magnetic 
moment data at different applied fields by using VSM. The bulk 
magnetic susceptibility values suggest that both Mn-Fe-Ni and Mn-Fe-
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Co ternary levo tartrate compounds exhibit paramagnetic nature. The 
values of bulk magnetic susceptibility are higher for Mn- 
Fe-Co ternary levo tartrates than Mn-Fe-Ni ternary levo tartrates, which 
may be due to higher value of atomic magnetic moment 1.72 µB of Co 
than 0.62 µB of Ni 
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CHAPTER-VI 
Growth and Characterization of Manganese-
Copper Mixed Levo Tartrate Crystals. 
 
6.1  Introduction 
Manganese tartrate and copper tartrate crystals find various applications in 
science and technology. Manganese tartrate crystals are temperature 
sensitive, which can be used to sense and measure the temperature. A wax 
pencil is developed to sense the surface temperature of heated substance in 
terms of change in coloration upon contact. This change in coloration is 
almost instantaneous and occurring within 1 to 2 seconds. The change in 
coloration occurs at 410°C from pink to black. Gvozdov and Erunov1 
described this method in detail. The effect of light on copper tartrate has been 
examined,2 copper tartrate has shown in vitro to stimulate Luteinizing 
hormone. Clomitrol is the drug used to add a specific type of copper to the 
testosterone regulating mineral complex.3 The growth of copper tartrate 
crystals by gel method is reported by Bridle and Lomer4 and Henisch et al.5 
Recently Dabhi has grown and characterized copper tartrate crystals.6-7
In this chapter, the growth of Manganese-Copper (Mn-Cu) mixed levo 
tartrate crystals is described. The crystals are characterized by EDAX, XRD 
by powder method, TGA, dielectric studies and FITR spectroscopy. 
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6.2  Experimental Techniques 
6.2.1  Gel Preparation 
The gel preparation method is the same which is already explained in section 
4.2.1 of chapter-IV. 
6.2.2  Crystal Growth 
The crystallization apparatus as well as experimental setup for the crystal 
growth were the same as that for Mn-Fe mixed tartrate and ternary tartrate 
crystals, which is already explained in section 4.2.2 of chapter-IV. 
Here the aim is to grow the Mn-Cu mixed levo tartrate crystals and 
hence after setting the gel, the supernatant solutions consisting of various 
amount of hydrated manganese chloride (MnCl2.4H2O) and hydrated copper 
sulphate (CuSO4.5H2O) having concentration of 1 Molar each were poured 
gently without disturbing the gel structure. 
As pure manganese levo tartrate crystal is grown and characterized 
and discussed in chapter-IV and also pure copper levo tartrate crystal is 
grown and characterized by Dabhi,6 therefore, in the present chapter only the 
mixed crystals of Mn-Cu levo tartrate are grown and characterized. 
The following combinations of supernatant solutions were poured on 
the set gels. 
(a)  8ml MnCl2 + 2ml CuSO4---------sample-1 
(b)  6ml MnCl2 + 4ml CuSO4---------sample-2 
(c)  4ml MnCl2 + 6ml CuSO4---------sample-3 
(d)  2ml MnCl2 + 8ml CuSO4---------sample-4 
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The following reaction is expected to occur, 
 
XMnCl2(aq) +(1-X)CuSO4(aq) + H2C4H4O6 + nH2O  
= MnxCu(1-x)C4H4O6.nH2O + 2XHC l + (1-X) H2SO4 
where, x =  0.2, 0.4, 0.6, and 0.8 
 
6.3 Crystal Growth Observation for the Mixed Mn-Cu 
Levo Tartrate Crystals 
The different amounts of MnCl2 and CuSO4 solutions were mixed in such a 
way that the total volume of the supernatant solution remained constant. The 
following crystal growth observations were made for pH 3.8 and gel density of 
1.04 gm/cc. 
(1)  For supernatant solution (a), sample-1, crystal growth was 
started immediately after pouring of the supernatant solution at the gel-liquid 
interface in the form of a thin layer of very small crystalline particles and a 
thick band of 0.5cm width of small crystals was observed next day. Gradually 
this band was increased to 1cm width and the upper part of the band was 
comprised of small dense crystal while lower one was less dense with 
comparatively large size crystals. One large crystal with leaf type appearance 
was found below this band and almost in the middle of the gel column. No 
crystal growth was found at the bottom of the gel. Figure 6.1(a) shows this 
type of crystal growth. The color of grown crystal is yellowish green. Crystals 
are semi transparent. 
(2)  For supernatant solution (b), sample-2, the crystal growth began 
immediately after pouring of the supernatant solution at the gel-liquid interface  
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and a thick band of 0.7cm width of small crystals was observed on the next 
day. Gradually this band was expanded to 1cm width. As mentioned in case 
(1) above, small dense crystals and large less dense crystals were found in 
this band. Except some randomly grown crystals, no further crystal growth 
was found after this band. The crystals were having semi transparent, 
prismatic morphology and purple blue color. No crystal growth was obtained 
at the bottom of the test tube, in the gel down side. This type of growth is 
shown in figure 6.1(b) 
 
(3) For supernatant solution (c), sample-3, almost the same 
morphology of grown crystals were seen here as mentioned in case (2) 
except, band size was large and crystal growth took place up to half of the 
upper gel column. This type of crystal growth is depicted in figure-6.1(c). 
 
(4)  For supernatant solution (d), sample-4, almost the same 
morphology of grown crystals was observed as in case (2) and case (3), 
except large size crystals were found randomly grown at the bottom region. 
This type of crystal growth is shown in figure-6.1(d). 
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             (a)                                (b)                              (c)                               (d) 
 
Figure (6.1): Crystal growth of (a) sample-1 (b) sample-2 (c) sample-3 (d) 
sample-4 
 
6.4  Characterization of Crystals 
6.4.1  EDAX study 
In order to find out the elemental composition of the grown crystals, the 
EDAX is employed here. The EDAX spectra for the grown crystals are shown 
in figures (6.2) (a) to (d). Expected and observed atomic % (from EDAX data)  
are tabulated in table (6.1). 
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Figure (6.2a): The EDAX spectrum for sample-1 
 
 
 
Figure (6.2b): The EDAX spectrum for sample-2 
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Figure (6.2c): The EDAX spectrum for sample-3 
 
 
 
 
Figure (6.2d): The EDAX spectrum for sample-4 
 One can find from figures (6.2) (a) to (d) that the elemental contribution 
of C and O is due to tartrate ions and water of hydration. From table (6.1) one 
can notice that the expected and observed values of the atomic percentages 
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do not match. It can be noticed that atomic percent of copper present in 
crystals is higher than expected values. Contrary to this, manganese is found 
very less than the expected values in all the four compounds, which are due 
to the half filled orbital makes manganese ions less reactive compared to 
copper ion having higher tendency to form a compound due to its electronic 
configuration.  This can be justified from the result obtained in the case of 
EDAX analysis for Mn-Fe tartrate crystals and Mn-Fe-Ni as well as Mn-Fe-Co 
ternary levo tartrate crystals mentioned in the chapters-IV and V, respectively.  
 
 Proposed formula and the estimated formula for the relevant crystal are 
tabulated in the following table (6.2). 
 
 
Table (6.1): EDAX result for Mn-Cu mixed levo tartrate crystals 
Expected 
Atomic Weight
In % 
Observed 
Atomic Weight
In % 
( From EDAX) 
Element Element 
No. 
 
Sample 
Mn Cu Mn Cu 
1 Mn0.8Cu0.2C4H4O6·n H2O 80 20 66 34 
2 Mn0.6Cu0.4C4H4O6·nH2O 60 40 2 98 
3 Mn0.4Cu0.6C4H4O6·nH2O 40 60 1.9 98.1 
4 Mn0.2Cu0.8C4H4O6·nH2O 20 80 1.5 98.5 
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Table (6.2): Proposed and estimated formulae for mixed Mn-Cu levo 
tartrate crystals 
Sample
No. 
Proposed formula for the 
Sample 
Estimated formula from the 
EDAX 
1 Mn0.8Cu0.2C4H4O6·nH2O Mn0.660Cu0.340C4H4O6·nH2O 
2 Mn0.6Cu0.4C4H4O6·nH2O Mn0.020Cu0.980C4H4O6·nH2O 
3 Mn0.4Cu0.6C4H4O6·n H2O Mn0.019Cu0.981C4H4O6·nH2O 
4 Mn0.2Cu0.8C4H4O6·nH2O Mn0.015Cu0.985C4H4O6·n H2O
 
 
 
6.4.2  Powder X-ray Diffraction (XRD) 
Bridle and Lomer8 have reported the growth of copper tartrate crystals in silica 
gel and obtained its unit cell dimensions, which are reported as                      
a = 8.42 Å ,  b =12.33 Å , c =8.82 Å , α = 97°21’, β = 80°43’ and γ =115°42’. 
The structure and molecular structure of copper levo tartrate are reported by 
Soylu9 which is as a = 8.374 (4) Å, b = 12.849 (7) Å, c = 8.758(6) Å and z = 4. 
Each copper atom forms total of five bonds with three tartrate molecules. A 
sixth one is formed with water, resulting in distorted octahedral co-ordination 
geometry. Each copper atom chelates by two tartrate groups and each 
tartrate group chelates two copper atoms. A water molecule and a 
nonchelating carboxy-oxygen atom of another tartrate group complete the 
coordination around each copper atom. The dimensions of the tartrate group 
are significantly different from those found in manganese L-tartrate tetra-
hydrate. Dabhi6 has also reported the cell parameters for the dextro and levo 
CHAPTER-VI 
copper tartrate crystals and found the orthorhombic nature in both the cases, 
which are, a = 8.3650(14) Å, b =12.8350 (13) Å, c = 8.7580 (9) Å, for copper 
dextro tartrate and, a = 8.3700(7) Å, b =12.8490(10) Å and c = 8.7586 (6) Å 
for copper levo tartrate. 
In the present investigation, an attempt is made to find out the unit cell 
parameters of Mn-Cu mixed levo tartrate crystals using powder-x  computer 
program; h, k and l parameters as well as d and 2θ values are generated in 
such a way that these values match with the X-ray powder diffraction values. 
Figures (6.3) (a) to (d) show the powder XRD patterns of the Mn-Cu 
mixed levo tartrate crystals. 
 
 
 
Figure (6.3a): The Powder XRD pattern for Mn0.660Cu0.340C4H4O6·nH2O 
crystal 
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Figure (6.3b): The Powder XRD pattern for Mn0.020Cu0.980C4H4O6·nH2O 
crystal 
 
 
 
Figure (6.3c): The Powder XRD pattern for Mn0.019Cu0.981C4H4O6·nH2O  
crystal 
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Figure (6.3d): The Powder XRD pattern for Mn0.015Cu0.985C4H4O6·nH2O  
crystal 
 The values of 2θ, (h k l) and d and the relative intensities of the XRD 
patterns of various crystals are tabulated in the following tables (6.3) to (6.6) 
for the respective crystals.   
Table (6.3): Powder X-ray diffraction data of Mn0.660Cu0.340C4H4O6·nH2O 
crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
14.181 122.57 6.24510 (111) 
16.781 43.25 5.28306 (021) 
21.3347 41.66 4.16420 (301) 
23.050 65.19 3.85833 (102) 
23.857 34.31 3.72964 (112) 
26.306 34.22 3.38770 (122) 
34.898 36.74 2.57084 (332) 
36.520 44.23 2.46031 (123) 
37.603 75.10 2.39193 (610) 
39.271 50.09 2.29407 (052) 
48.878 31.19 1.86330 (362) 
54.280 43.93 1.68992 (244) 
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Table (6.4): Powder X-ray diffraction data of Mn0.020Cu0.980C4H4O6·nH2O 
crystal 
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
11.557 619.34 7.65679 (101) 
14.918 463.19 5.93843 (201) 
19.116 115.85 4.64267 (221) 
21.883 241.51 4.06139 (112) 
23.598 208.75 3.77006 (040) 
25.245 164.43 3.52765 (420) 
26.952 186.31 3.30806 (312) 
29.252 143.96 3.05293 (232) 
40.558 549.87 2.22418 (243) 
41.488 168.37 2.17647 (014) 
44.054 113.79 2.05546 (461) 
55.689 108.18 1.65047 (653) 
 
 Table (6.5): Powder X-ray diffraction data of Mn0.019Cu0.981C4H4O6·nH2O 
crystal  
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
11.590 1675.40 7.63457 (210) 
14.899 607.78 5.94572 (021) 
19.176 202.10 4.62829 (311) 
21.904 278.47 4.05758 (231) 
25.270 173.67 3.52423 (421) 
27.003 214.52 3.30183 (340) 
29.302 286.43 3.04778 (412) 
31.363 493.48 2.85211 (113) 
36.465 259.24 2.46389 (631) 
41.523 202.68 2.17471 (810) 
54.031 557.093 1.69714 (064) 
57.179 314.50 1.61094 (045) 
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Table (6.6): Powder X-ray diffraction data of Mn0.015Cu0.985C4H4O6·nH2O 
 Crystal  
2θ Degree Relative Intensity (%) d (Ǻ) (h k l) 
11.612 1206.56 7.62076 (210) 
15.059 444.97 5.88289 (121) 
19.157 149.45 4.63289 (040) 
22.595 191.64 3.93498 (022) 
23.642 162.69 3.76310 (401) 
25.248 239.53 3.52729 (340) 
26.990 149.24 3.30345 (341) 
29.293 127.54 3.04870 (511) 
34.484 118.97 2.60077 (133) 
40.582 200.35 2.22295 (721) 
50.112 4015.32 1.82025 (514) 
53.928 272.04 1.70013 (902) 
 
Table (6.7): The cell parameters for Mn-Cu levo tartrate crystals 
Unit cell parameters Sample 
No. 
Sample 
a (Ǻ) b (Ǻ) c (Ǻ) 
1 Mn0.660Cu0.340C4H4O6·nH2O 14.6236 14.0009 8.0099 
2 Mn0.020Cu0.980C4H4O6·nH2O 16.0319 15.0001 8.8001 
3 Mn0.019Cu0.981C4H4O6·nH2O 17.5737 16.0000 8.8000 
4 Mn0.015Cu0.985C4H4O6·n H2O 16.6005 18.4942 8.7668 
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One can find from the table (6.7) that the variation in the cell 
parameters is not systematic, but samples 2 to 4 show all most the same 
values of parameter-c, which may due to more-or-less the same atomic 
content present in the molecule. The pattern of sample-4 shows different 
nature which may be due to the greater value of parameter-b for sample-4 
then others. It can also be noticed from the table (6.7) that, as the amount of 
the Cu is increased in the Mn-Cu mixed levo tartrate crystals, the values of 
the parameter-c tries to adopt the value of the pure copper tartrate crystal 
parameter as reported and mentioned in the beginning of this section by the 
various researchers.6,8,9     
 
6.4.3  Thermal Study of the Mn-Cu Levo Tartrate 
Crystals 
Many researchers have studied the thermogravimetry of various 
compounds as already mentioned in the relevant sections of Chapters IV and 
V; moreover, Dabhi6 has reported thermal study of pure copper levo tartrate 
crystal. It was found that sample first decomposes into anhydrous form and 
then sharply decomposes into Cu + ½O, thereafter, picking up oxygen from 
atmosphere converted into CuO.   
 Figure (6.4) shows the thermogram of mixed 
Mn0.660Cu0.340C4H4O6·nH2O crystal, one can see from figure that the sample is 
stable from room temperature to approximately 55°C, then becomes 
dehydrated at 160°C and then a stable stage is achieved up to approximately 
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280°C, followed by a rapid decomposition up to 480°C, after this temperature 
a very small loss of weight is noticed up to 900°C. The dehydration stage has 
lost almost 14% of the original weight while in the end very small loss of 
weight of 5% is noticed, but in between stage has loss of weight of 51%. 
Table (6.8) shows decomposition of the sample which indicates that the 
theoretically calculated and experimentally attained weight losses are almost 
the same and hence the sample is dehydrated and decomposed according to 
the assumed process as given in the table (6.8). From the analysis it is found 
that 1.9 water molecules are associated with the crystal. 
 
Figure (6.4): Thermogram of the  Mn0.660Cu0.340C4H4O6·1.9H2O crystal 
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Table (6.8): The decomposition process of Mn0.660Cu0.340C4H4O6·1.9H2O 
crystal and TG results. 
Temperature
(°C) 
Substance Theoretical 
Weight (%) 
(calculated) 
Experimental 
Weight (%) 
(from plot) 
Room 
Temperature
 
Mn0.660Cu0.340C4H4O6·1.9H2O 100 100 
162 Mn0.660Cu0.340C4H4O6 86.0 86.1 
480 Mn0.660Cu0.340 O+(1/2)O 34.2 33.0 
690 Mn0.660Cu0.340O 30.86 31 
 
  Figure (6.5) shows the thermogram of mixed  
Mn0.020Cu0.980C4H4O6·nH2O crystal, from thermogram one can notice that the 
crystal is unstable at room temperature and starts the loss of water of 
hydration right from beginning of the analysis and becomes dehydrated at 
86°C after losing the 15% weight, a stable state is achieved up to 240°C, after 
this temperature a rapid decomposition stage of oxide is noticed and up to 
344°C, the sample turns into oxide after losing further approximately 56% 
weight. After 344°C temperature, the sample remains stable up to the end of 
analysis. The sample has undergone the smooth dehydration and 
decomposition and finally achieved an oxide state. It is found that 2.1 H2O 
molecules are associated with the crystal. Table (6.9) shows the 
decomposition process of the crystal and the related percentage weights at 
the relevant stage. 
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Figure (6.5): Thermogram of the  Mn0.020Cu0.980C4H4O6·2.1H2O crystal 
 
 
Table (6.9): The decomposition process of Mn0.020Cu0.980C4H4O6·2.1H2O 
crystal and TG results. 
Temperature
(°C) 
Substance Theoretical 
Weight (%) 
(calculated) 
Experimental 
Weight (%) 
(from plot) 
Room 
Temperature
 
Mn0.020Cu0.980C4H4O6·2.1H2O 100 100 
86 Mn0.020Cu0.980C4H4O6 84.7 84 
344 Mn0.020Cu0.980O 31.8 29 
 
Figure (6.6) shows the thermogram of mixed 
Mn0.019Cu0.981C4H4O6·nH2O crystal, from the figure one can notice that the 
sample starts dehydrating from room temperature and becomes anhydrous at 
90°C after losing the 15% of its original weight. Then up to 230°C the sample 
is stable. Thereafter, the sample undergoes a smooth decomposition stage 
and becomes an oxide at approximately 340°C temperature after losing 
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approximately further 56% of its original weight. From 340°C temperature to 
the end of analysis, the sample remains in stable stage. From analysis, 2.2 
H2O molecules are found associated with the crystal. Table (6.10) shows how 
various decomposition stages of the crystal.  
Figure (6.6): Thermogram of the  Mn0.019Cu0.981C4H4O6·2.2H2O crystal 
 
. 
Table (6.10): The decomposition process of Mn0.019Cu0.981C4H4O6·2.2H2O  
 crystal and TG results. 
Temperature
(°C) 
Substance Theoretical 
Weight (%) 
(calculated) 
Experimental 
Weight (%) 
(from plot) 
Room 
Temperature
 
Mn0.019Cu0.981C4H4O6·2.2H2O 100 100 
90 Mn0.019Cu0.981C4H4O6 84.1 84.0 
340 Mn0.019Cu0.981O 31.6 29.0 
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Figure (6.7) shows the thermogram of mixed 
Mn0.015Cu0.985C4H4O6·nH2O crystal, from the thermogram one can see that 
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dehydration process starts right from room temperature and at 75°C 
temperature the sample becomes anhydrous, further it decomposes sharply 
into oxide form at 372°C temperature. Then the sample is stable up to end of 
the analysis. It is found from the analysis that 1.1 H2O molecule is associated 
with the crystal. Table (6.11) shows the decomposition of crystal and the 
result of the thermogravimetry. 
 
Figure (6.7): Thermogram of the  Mn0.015Cu0.985C4H4O6·1.1H2O crystal 
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Table (6.11): The decomposition process of Mn0.015Cu0.985C4H4O6·1.1H2O 
crystal and TG results. 
Temperature
(°C) 
Substance Theoretical 
Weight (%) 
(calculated) 
Experimental 
Weight (%) 
(from plot) 
Room 
Temperature
Mn0.015Cu0.985C4H4O6·1.1H2O 
100 100 
75 Mn0.015Cu0.985C4H4O6 91.7 92 
372 Mn0.015Cu0.985O 34.4 30 
 
 Thermogravimatric analysis of pure and mixed calcium-strontium levo 
tartrate crystals was reported by Parikh et al.10 They have observed from the 
thermograms that the percentage weight loss for the ultimate oxides 
deceases as the content of calcium increases, which is due to difference in 
the atomic weights of strontium and calcium (strontium 87.5 and calcium 
40.08). Notwithstanding, from tables(6.8-6.11), one can notice that the 
percentage weight loss of the ultimate product is nearly the same which may 
be due to less amount of manganese enter into crystalline lattice in 
comparison to copper and the difference between atomic weights is not large 
(Mn=54.94, Cu=63.55).  
From the thermograms one can notice that the weight loss occurs in 
two very simple stages in almost all samples, alike Dabhi6 has reported in the 
analysis of the pure copper levo tartrate crystals, while the oxide stage of the 
present crystals is achieved at higher temperature compare to reported value 
295 °C of the pure copper levo tartrate crystal by Dabhi.6 Vohra11 has reported 
525°C temperature of oxide stage for the pure manganese levo tartrate 
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crystal, comparing it with the thermogram of Mn0.660Cu0.340C4H4O6·1.9H2O in 
figure (6.4),  which indicates the temperature is  closer to that reported for 
pure manganese levo tartrate crystal as the sample has more content of Mn, 
however, the value lies between the temperatures for pure copper and pure 
manganese levo tartrate crystals.  
From TGA, one can notice that due to the higher content of copper 
present in almost all samples, the results are closer to the pure copper levo 
tartrate crystals reported by Dabhi6 than the reported values of pure 
manganese levo tartrate crystals by Vohra.11  
The correct formula of mixed crystals can be written as follows after the 
EDAX and TGA study 
Table (6.12) : The correct formula of Mn-Cu mixed levo tartrate crystals  
Sample
No. 
Formula 
1 Mn0.660Cu0.340C4H4O6·1.9H2O 
2 Mn0.020Cu0.980C4H4O6·2.1H2O 
3 Mn0.019Cu0.981C4H4O6·2.2H2O 
4 Mn0.015Cu0.985C4H4O6·1.1 H2O
 
In the following remaining discussion, the estimated formulae of the 
crystals are used as mentioned in the table (6.12). 
CHAPTER-VI 
6.4.4  Kinetic Study of Dehydration of Mn-Cu Levo 
Tartrates  
The kinetic parameters of dehydration have been calculated by using Coats 
and Redfern relation, which has been discussed in section 4.5.4 of chapter-IV.                    
  
Figure (6.8) (a) to (d) show plots of Coats and Redfern relation for the 
Mn-Cu mixed levo tartrate crystals, where Y= -log10 [{1-(1-α)1-n }/{ T2 (1-n)}].  
From the slope of the plots the values of activation energy and frequency 
factor are calculated. 
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Figure (6.8a): Plot of Coats and Redfern relation for 
Mn0.660Cu0.340C4H4O6·1.9H2O crystal 
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Figure (6.8b): Plot of Coats and Redfern relation for  
Mn0.020Cu0.980C4H4O6·2.1H2O crystal 
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Figure (6.8c): Plot of Coats and Redfern relation for  
Mn0.019Cu0.981C4H4O6·2.2H2O crystal 
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Figure (6.8d): Plot of Coats and Redfern relation for  
Mn0.015Cu0.985C4H4O6·1.1H2O  crystal 
Table (6.13) compiles the values of different kinetic parameters 
obtained from the Coats and Redfern relation. The values of kinetic 
parameters change with composition of the crystal.   
Table (6.13): The  values of different kinetic parameters obtained from 
the Coats and Redfern relation for Mn-Cu crystals 
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No. Sample Order of 
reaction 
n 
Activation 
Energy 
E 
kJMol-1
Frequency 
factor 
A 
1 Mn0.660Cu0.340C4H4O6·1.9H2O 0.75 94.05 1.40 x1026
2 Mn0.020Cu0.980C4H4O6·2.1H2O 0.75 110.41 8.50 x1026
3 Mn0.019Cu0.981C4H4O6·2.2H2O 0.25 86.31 2.98 x1023
4 Mn0.015Cu0.985C4H4O6·1.1H2O 0.75 105.42 1.82 x1026
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Dabhi6 has reported the activation energy 95.74 kJMol-1 for pure 
copper levo tartrate crystal and Vohra11 has reported the activation energy 
78.60 kJMol-1 for pure manganese levo tartrate crystal. The present values 
correspond to the values of pure copper levo tartrate crystal. Since 
manganese does not enter into crystalline lattice readily as per the EDAX 
studies, the values of mixed crystals correspond more closely to the pure 
copper levo tartrate. 
 
6.4.5 Thermodynamic Parameters of Mn-Cu Levo 
Tartrate Crystals 
 As mentioned in the previous chapters, thermodynamic parameters 
have been found by various researchers for various crystals121314151617. Dabhi6 
has found these parameters for the pure copper levo tartrate crystals, which 
are ∆# S°  = 232.38 Jkmol-1, ∆# H°= 90.198 kJ Mol -1, ∆# G° =12.816 kJ Mol -1 
and ∆# U° = 92.97 kJ Mol-1. Vohra11 has reported the thermodynamic 
parameters for manganese levo tartrate crystals, which are ∆# S°  = 63.69 
Jkmol-1, ∆# H°= 71.9 kJ Mol -1, ∆# G° =46.6 kJ Mol -1 and ∆# U° = 75.2 kJ Mol-
1.  Present values of thermodynamic parameters for Mn-Cu mixed levo tartrate 
crystals, as tabulated in following table (6.14), are very close to the 
parameters mentioned above for pure copper levo tartrate crystal, this may be 
due to the dominant role of copper content in the mixed crystals. 
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Table (6.14): The values of different thermodynamic parameters of Mn-
Cu levo tartrate crystals 
 
No. Sample Standard 
Entropy 
∆# S° 
Jkmol-1
Standard 
Enthalpy 
∆#  H° 
kJ Mol-1
Standard 
Gibbs free 
energy 
∆# G° 
kJ Mol-1
Standard 
change in 
internal 
energy 
∆# U° 
kJ Mol-1
1 Mn0.660Cu0.340C4H4O6·1.9H2O
231.16 88.35 9.6 91.20 
2 Mn0.020Cu0.980C4H4O6·2.1H2O
269.45 104.70 12.28 107.55 
3 Mn0.019Cu0.981C4H4O6·2.2H2O
203.31 80.60 10.87 83.46 
4 Mn0.015Cu0.985C4H4O6·1.1H2O
256.62 99.72 11.70 102.57 
From the table (6.14) it can be noticed that standard entropy of 
activation ∆#Sº and standard enthalpy of activation ∆#Hº are positive and 
suggest that the process is spontaneous at high temperatures. Positive value 
of standard Gibbs free energy ∆#Gº suggests that the samples are 
thermodynamically unstable.  
 
6.4.6  Dielectric studies of the Mn-Cu Levo Tartrate 
crystals  
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As mentioned in the chapter-IV and V, many researchers have studied the 
dielectric properties of the various crystals. A few authors have reported the 
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dielectric studies in the tartrate compounds. Gon18 has detected ferroelectric 
properties in calcium tartrate crystals. Lopez et al19 reported dielectric studies 
on gel grown zinc tartrate single crystals. Sawaguch and Goss20 reported the 
dielectric properties of lithium thiallate tartrate. The dipole patterns in the 
structures of some ferroelectrics and antiferroelectric crystals have been 
studied by Zheludev.21 Also, the dielectric studies of rubidium hydrogen   
tartrate single crystals were carried out by Desai and Patel.22 A dielectric 
study was carried out for C4H4O6NaK.4H2O, C4H4O6NaNH4.4H2O, 
C4H4O6LiNH4.H2O, C4H4O6LiTi.H2O and their deuterated derivatives.  
The dielectric study of zinc tartrate crystal is reported by Dabhi et al23. 
The variation of dielectric constant with temperature indicated a sharp peak at 
121.52°C. They studied the variation of dielectric constant and dielectric loss 
with the frequency of applied field and also applied Curie- Weiss law above 
the Curie temperature. They indicated a ferro-electric type behavior of the 
crystals.  
The dielectric study of Cu+2 doped calcium tartrate tetrahydrate crystals 
has been reported by Suthar et al24. The magnitude of dielectric constant and 
the phase transition temperature are affected by Cu+2 doping. It has been 
observed that the magnitude of dielectric constant and the phase transition 
temperature first increase as the concentration of Cu+2 increases and then 
decrease. This was suggested as due to change in the space charge 
polarizability produced by the interstitial nature of doping. Altogether, Suthar 
and Joshi25 have doped Mn+2 in calcium levo tartrate tetrahydrate crystals. 
They confirmed the earlier reported ferro-electric type behavior of calcium 
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tartrate. The possible interstitial type Mn+2 doping increased the space charge 
polarizability and the values of dielectric constant without changing the basic 
nature. 
So far the copper tartrate crystals are concerned a marked difference 
in the behavior of dielectric constant versus the frequency of applied field was 
found in the copper dextro tartrate and copper levo tartrate crystals by Dabhi6. 
Copper dextro tartrate and copper levo tartrate crystals exhibited different 
behavior, which were explained by the author on the basis of the structural 
change in the presence of dextro tartrate and levo tartrate ions. Suthar26 has 
studied the dielectric nature of copper doped calcium tartrate crystals and 
found that on increase of frequency, dielectric constant decreases.  
 In the present dielectric study of Mn-Cu mixed levo tartrate crystals, the 
experimental technique is used as mentioned in the chapter-IV.  
 The dielectric constant was calculated from the value of capacitance at 
different frequency of applied field. This has been discussed in section 4.5.6 
of chapter-IV. 
 Figure (6.9) shows the plot of dielectric constant versus frequency, 
which shows that as the frequency of the applied field is increased the 
dielectric constant decreases. There is no systematic change in the values of 
the dielectric constant for fixed value of frequency for Mn-Cu mixed levo 
tartrate crystals.  
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Figure (6.9): Plot of dielectric constant Κ versus log f for   
(a) Mn0.660Cu0.340C4H4O6·1.9H2O (b) Mn0.020Cu0.980C4H4O6·2.1H2O (c) 
Mn0.019Cu0.981C4H4O6·2.2H2O (d) Mn0.015Cu0.985C4H4O6·1.1H2O  crystals 
 
Figure (6.10) shows the plot of dielectric loss (tan δ) versus frequency, 
which shows that on increasing the frequency of applied field, the tan δ 
decreases for all the samples. The plots are also exhibiting unsystematic 
variation for different compositions of mixed Cu-Mn levo tartrate crystals. But 
for higher frequency values the curves for different samples try to 
superimpose, which indicates that the nature of the loss is nearly the same for 
all samples at higher frequency.  
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Figure (6.10): Plot of tan δ versus log f for  
(a) Mn0.660Cu0.340C4H4O6·1.9H2O (b) Mn0.020Cu0.980C4H4O6·2.1H2O (c) 
Mn0.019Cu0.981C4H4O6·2.2H2O (d) Mn0.015Cu0.985C4H4O6·1.1H2O  crystals 
Figure (6.11) shows the plots of a.c. conductivity versus frequency for 
different samples, which indicates that the values of the a.c. conductivity are 
nearly the same for the lower frequency region and for higher frequency 
region they separate out and increase sharply with high value of conductivity. 
The behaviors are again unsystematic with variation in the composition of the 
samples.  
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Figure (6.11): Plot of conductivity σac versus log f for  
(a) Mn0.660Cu0.340C4H4O6·1.9H2O (b) Mn0.020Cu0.980C4H4O6·2.1H2O (c) 
Mn0.019Cu0.981C4H4O6·2.2H2O (d) Mn0.015Cu0.985C4H4O6·1.1H2O  crystals 
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 Figure (6.12) shows the plots of a.c. resistivity versus frequency of 
applied field; obviously the nature of the a.c. resistivity curve is opposite to the 
nature of a.c. conductivity curve. It also indicates almost constant value of 
resistivity at higher frequency.  
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Figure (6.12): Plot of resistivity ρac versus log f for   
(a) Mn0.660Cu0.340C4H4O6·1.9H2O (b) Mn0.020Cu0.980C4H4O6·2.1H2O (c) 
Mn0.019Cu0.981C4H4O6·2.2H2O (d) Mn0.015Cu0.985C4H4O6·1.1H2O  crystals 
 
Figure (6.13) shows the plot of imaginary dielectric constant ε” versus 
frequency of applied field. This plot shows the same nature as that of real 
dielectric constant of fig (6.9). The value of the ε” decreases gradually as the 
frequency of applied field is increased.  
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6.4.7  FTIR Spectroscopy study of Mn-Cu Levo Tartrate 
Crystals 
Many authors have studied IR spectra of different tartrate compounds 
such as calcium tartrate27, manganese tartrate28,11, zinc tartrate29, iron 
tartrate30, copper tartrate6, mixed calcium and strontium levo tartrate17, and 
more recently Na and K doped copper tartrate crystals31. Rajagopal et al32 
reported IR and polarized Raman spectra of SrC4H4O6.3H2O. As the divalent 
tartrate ion possesses lower symmetry in the crystal, splittings were observed 
for different vibrational modes. Separate band in the banding region of water 
suggested the existence of three crystallographically different molecules in the 
crystal. 
 However, Sahaya Shajan and Mahadevan33 reported FTIR 
spectra of strontium added calcium tartrate crystals, but could not identify the 
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effect of strontium or calcium on absorption bands of FTIR spectra. Contrary 
to this result, recently Parikh et al10 reported FTIR spectra of pure and mixed 
strontium-calcium levo tartrate crystals. They concentrated on the absorptions 
in the region 963-410 cm-1. The absorptions at 963-964cm-1 becomes 
stronger with increasing calcium content in the crystals. The absorption 
occurring at 634 cm-1 becomes weak on increasing calcium content. The 
absorption occurring within 410-479cm-1 are missing on reducing strontium 
content in the mixed crystals. The authors attempted to identify and associate 
various absorptions in FTIR spectra either to Ca-O or Sr-O vibrations or 
coordinating tartrate ion with Ca or Sr.      
FTIR spectroscopy study of several crystals is carried out by many 
researchers and discussed in detail in chapter-IV and V. Moreover, Kirschner 
and Kiesling34 have studied the infrared spectrum of Cu (II) tartrates tri-
hydrate. They found that tartrates were coordinated to Cu (II) through hydroxyl 
and 2-carboxylate groups and proposed the octahedral structure with three 
water molecules. Dabhi6 has studied pure copper dextro and levo tartrate 
crystals and did not detect the effect of different optically sensitive tartaric 
acids in both samples. Suthar21 has studied the FTIR spectra of manganese 
and copper doped calcium tartrate crystals and found that the spectra are 
nearly the same for doped and undoped crystals and no marked effect of 
doping is observed. 
 In the present study, the FT-IR spectra were recorded on in the range  
400 cm-1 to 4000 cm-1 using powdered samples in the KBr medium. Figures 
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(6.14) (a) to (d) show the FTIR spectra for the mixed Mn-Cu levo tartrate 
crystals. From these figures it is observed that almost for all samples, 
absorption occurring round about 3400 cm-1 is due to the asymmetric and 
symmetric stretching of O-H bond, which  generally indicates the presence of 
water of crystallization, while at 1600 cm-1corresponds to the carboxyl (C=O) 
group stretching. The absorption occurring around 1385 cm-1 is due to C-O 
stretching vibration, while at 1100 cm-1 is responsible to the C-H stretching. 
Absorptions around 1055 cm-1, 885 cm-1 and 828 cm-1 are due to the O-H 
stretching out of plane vibrations,   while the absorption from 736.6cm-1to 
491.2 cm-1 are due to the metal oxygen bond. Table(6.15) summarizes the 
results of the FTIR spectroscopy for all the samples. It can be noticed from 
the figures and table that both the regions, functional group(~4000-1500 cm-1) 
and the finger print(~1500-600 cm-1), show almost same nature of absorption 
which shows that there is no effect of various amount of content in the crystals 
on these type of mixed crystals.  
It can be observed from table(6.15) that the variation in the composition 
of mixed Mn-Cu levo tartrate has no major effect on FTIR spectra, however, 
minor shift in the majority of absorption bands toward higher wave numbers is 
observed. Metal oxygen vibration of 636 cm-1 does not show appreciable 
change while 715 cm-1 absorptions change to higher values compare to the 
pure crystals of copper levo tartrate6 and  manganese levo tartrate.11 The 
vibration due to O-H stretching occurring at 1049 cm-1 increases here to 
higher values due to mix nature of cations (Mn++, Cu++) coordinating the 
hydrogen bond. Interference or perturbations are expected to shift the 
CHAPTER-VI 
characteristic bands due to (i) the electro-negativity of neighboring groups of 
atoms, (ii) the spatial geometry of the molecule, or (iii) the mechanical mixing 
of vibrational modes35. The atomic masses of manganese and copper are 
54.94 and 63.55 respectively, which are expected to cause alternations in the 
molecular geometry, bond lengths and mechanical vibrations and as a result 
the spectra are slightly altered.      
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Figure (6.14a): The FTIR spectrum for the Mn0.660Cu0.340C4H4O6·1.9H2O 
crystal 
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Figure (6.14b): The FTIR spectrum for the Mn0.020Cu0.980C4H4O6·2.1H2O 
crystal  
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Figure (6.14c): The FTIR spectrum for the Mn0.019Cu0.981C4H4O6·2.2H2O 
crystal   
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Figure (6.14d): The FTIR spectrum for the Mn0.015Cu0.985C4H4O6·1.1H2O 
crystal 
 
 
Table (6.15): Assignments of different absorption bands in the FTIR 
spectra of Mn-Cu mixed levo tartrate crystals 
Wave number (cm-1) Assignments 
Sample-1 Sample-2 Sample-3 Sample-4 
O-H stretching 3404.5 3414.7 3414.4 3413.4 
 2371.1 2631.4 2976.2 - 
C=O stretching 1579.9 1621.8 1624.5 1621.1 
1391.1 1382.6 1381.7 1382.4 C-O stretching 
1229.6 1233.4 1231.9 1232.6 
C-H stretching 1114.7 1103.0 1102.4 1102.7 
1054.3 1052.6 1062.6 1056.6 
891.3 886.6 - - 
O-H stretching 
out of plane 
828.5 830.2 826.9 828.5 
715.6 728.9 736.6 730.3 
636.6 637.6 638.8 637.5 
Metal oxygen 
stretching 
524.5 517.7 491.2 492.1 
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Conclusion  
(1) Mixed manganese- copper levo tartrate crystals were grown by single 
diffusion gel growth technique using sodium metasilicate gel. 
(2) The crystals were prismatic, semi transparent with purple blue color.  . 
The coloration changed from light purple blue to dark purple blue on 
increasing the content of copper.  
(3) The EDAX result suggested that copper readily enters the crystalline 
lattice than manganese. The content of copper was always higher than 
expected values. 
(4) From powder XRD studies it was found that all manganese copper levo 
tartrate crystals exhibited orthorhombic crystal structure. The unit cell 
parameters changed in unsystematic manner with the content of 
copper and manganese in the crystals; however, the c-parameter 
exhibited its dependence on copper atoms in the crystals. 
(5) From thermogravimetry, it was found that all manganese-copper levo 
tartrate crystals are thermally unstable and first dehydrate and then 
decompose into respective oxides. The number of water molecules 
associated with crystals was determined and correct chemical 
formulation of different crystalline samples was obtained from EDAX 
and TGA results. 
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(6) The kinetic study of dehydration was carried out by using Coats and 
Redfern relation. The values of activation energy, frequency factor and 
order of reactions were determined. These values correspond to pure 
copper tartrate crystals because of higher amount of copper content 
present in all most all crystals. Presence of higher amount was 
confirmed as mentioned above. 
(7) The thermodynamic parameters such as standard Gibbs free energy, 
standard enthalpy and standard entropy were calculated. The positive 
values of standard entropy of activation and standard enthalpy of 
activation indicate spontaneous process at high temperatures. 
(8) The variation in dielectric constant with the frequency of applied field      
indicates that both real and imaginary parts of the complex dielectric 
constant decreases slowly as the frequency increases and exhibit the 
same nature. This further suggests higher space charge polarizability 
in the low frequency region and dipoles do not comply with the 
changes in the applied field. The real dielectric constant was found less 
responsive to the applied field. 
The dielectric loss decreases as the frequencies of applied field 
increases and at higher frequency range all samples exhibit nearly 
similar dielectric loss. 
. 
The a.c. conductivity increases as the frequency of applied field 
increases, at low frequency region all samples exhibit nearly the same 
CHAPTER-VI 
 
Growth and Characterization of Manganese-Copper Mixed Levo Tartrate Crystals. 
316 
 
 
conductivity. The reverse trend is observed for the variation of a.c. 
resistivity with frequency.     
(9) The FT-IR spectra suggest the presence of O-H, C=O, C-O and C-H 
bonds in the samples. The absorption bands shift slightly to the higher 
wave numbers on increasing copper in the crystals, which may be due 
to mixed nature of the cations having different masses coordinating 
with tartrate ions.  
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CHAPTER-VII 
General Conclusions and  
Suggestions for Future Work 
 
7.1  General Discussion  
Various technological developments depend on the availability of suitable 
single crystals having different applications. The quest is always there to 
develop crystals of newer materials. This has brought the development of 
various techniques for crystal growth. However, each technique has certain 
advantages and limitations.   
 As already discussed in this thesis, the growth of crystals from gel is 
the simplest technique under ambient conditions. This technique is well suited 
for the crystal growth of compounds, which are sparingly soluble and 
decomposed at fairly low temperatures. Crystal growth by the gel technique 
has attracted attention of numerous researchers because it is comparatively 
simple technique. Nevertheless, no serious attempts have been made to use 
this technique on large industrial scale even though careful and detailed study 
of the technique has been carried out. A few advancements and modifications 
in these techniques are suggested and implemented. By and large this 
technique has remained the technique for growing crystals for research in the 
laboratory. Altogether, there are certain limitations of these techniques which 
impede its use in the large scale or industrial scale; for example, the growth of 
the crystals is slow, the effect of ambient condition and limits on the 
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dimensions of the growing crystals, which are a few limitations. In spite of this 
the gel growth techniques still attract researchers to develop new crystals in 
laboratories or engineer the known crystal systems by doping impurities or 
using binary and ternary systems. The gel growth technique is elaborately 
described by Henisch1, Henisch et al2 as well as Patel and Rao3. 
Tartrate compounds have attracted the attention of many researchers 
for the last several decades because of their  applications in various fields, 
their growth is readily possible, easy to dope and engineer crystalline 
compounds, easy to grow in binary and possible ternary systems, easy to 
grow into various morphologies and easy to verify different theories of growth.  
In last one year certain renewed attempts are made to grow a few 
more crystals of tartrate compounds, which are, for example, the growth of 
strontium tartro-antimonate (III) dihydrate crystals,4 the growth of ytterbium 
tartrate trihydrate crystals.5
Various important applications of different tartrate compounds have led 
the present author to grow manganese-iron (Mn-Fe) levo and dextro tartrate 
crystals; manganese-iron-nickel (Mn-Fe-Ni) and manganese-iron-cobalt (Mn-
Fe-Co) ternary levo tartrate crystals and manganese-copper (Mn-Cu) levo 
tartrate crystals by using silica gel under different conditions. The author has 
also studied the derivative compounds by carrying out the calcination of 
grown crystals. The calcination of the grown crystals has yielded the oxide 
compounds of the respective cations. 
The general conclusion can be summarized from all four types of 
systems, i.e., Mn-Fe, Mn-Fe-Ni, Mn-Fe-Co and Mn-Cu tartrates, are as 
follows: 
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(1) Crystals were grown by single diffusion gel growth technique. Coloration 
of crystals changed as the composition of the crystals varied. Crystals 
were spherulitic and semi transparent in nature, except Mn-Cu tartrate 
system shows prismatic nature.    
(2) Except for Mn-Cu tartrate system, a band of white spongy precipitates 
was observed below the gel-liquid interface in almost all samples. 
(3) EDAX result showed that manganese did not enter the crystalline lattice 
as the expected values, which was due to half filled orbitals of the Mn 
ions giving rise to inactiveness with comparison to other ions.  
(4) Powder XRD results of all tartrate compounds exhibited the 
orthorhombic nature, but their calcined samples showed various natures 
of crystal structures.  
(5) All tartrate compound crystals exhibited almost the single phase nature. 
The values of cell parameters varied with the variation of the content, but 
the Mn-Cu tartrate system did not show systematic variation; however, 
the c-parameter in the unit cells showed dependency on the copper 
content in the crystals. The Mn-Fe tartrate system showed a flip from Mn 
tartrate to the Fe tartrate crystal structure for mixed crystals. 
(6) The calcined ternary tartrate systems exhibited orthorhombic crystal 
structures for their oxides, but for the Mn-Fe tartrate system the calcined 
samples exhibited variations from tetragonal to cubic, orthorhombic and 
ultimately hexagonal crystal structure. This variation was seemed to be 
governed by the content of iron in the mixed crystals.  Calcined samples 
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showed the crystal system, which are reported earlier in respective 
family. 
(7) Smooth dehydration and decomposition in to oxide stages were found in 
almost all systems, which suggested the same nature of thermal process 
taking place in the reaction.         
(8) Kinetic and thermodynamic parameters of dehydration process of pure 
Mn and Fe dextro tartrate crystal systems were higher than those for 
levo tartrate crystal systems, which corresponds the earlier reported 
work. 
(9) In case of ternary tartrate Mn-Fe-Ni and Mn-Fe-Co systems, the 
Mn0.08Fe0.74Ni0.18C4H4O6.2.5H2O and Mn0.07Fe0.75Co0.18C4H4O6·2.5H2O     
indicated the similar nature for kinetic and thermodynamic parameters 
suggesting that the replacement of Ni by Co did not invite any changes 
in the dehydration behaviors. 
(10) The values of dielectric constant, dielectric loss and imaginary part of 
the complex dielectric constant decreased as the frequency of the 
applied field was increased, while the  a.c. conductivity showed initially 
constant nature, then  gained high values gradually with increase in the 
frequency of the field. Obviously, in all the systems the a.c. resistivity 
showed, as expected, the reverse trend to the a.c. conductivity. 
(11) The presence of various bonds was confirmed by different absorptions 
in the FTIR spectra. The common features of FTIR spectra suggested 
the presence of O-H bond, C-H bond, C=O bond metal-oxygen bond and 
water of hydration and crystallization. In the case of ternary tartrate no 
systematic variation was observed for varying composition 
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of different cations on the FTIR spectra. However, in case of Mn-Cu 
tartrate and Mn-Fe tartrate system the effect of variation of the amount of 
particular cation was remarkably visible.  
(12) The Mössbauer spectroscopic study of pure and mixed Mn-Fe levo 
tartrate crystals suggested large qudrupole splitting in paramagnetic 
state indicating iron ions in non cubic state. The chemical isomer shift 
was sensitive to the composition and water of hydration of the crystal, 
while the qudrupole splitting remained constant for all crystals. 
 
 
7.2  Suggestion for future work 
The future work in continuation to the present work may be pursued as 
follows: 
The effect of the various tartaric acids (dextro and levo tartaric acid) in the 
composition of crystals, can be studied for the ternary systems. There is a 
scope for carrying out the dielectric, powder XRD, EDAX and Mössbauer 
spectroscopy studies of Mn-Fe dextro tartrate crystals for complete 
characterizations. The scope further lies for the same characterizations for 
dextro and levo ternary tartrates. This will enable the researcher to identify the 
effect of dextro and levo rotatory tartaric acid in the crystalline compounds. 
The calcination of different tartrate compounds needs further attention in 
terms of further characterization. By following the calcination technique at 
different temperatures and different time periods one can synthesize perhaps 
spinel and perovskite types oxides. 
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 The ternary tartrates are characterized first time by the present author. 
The composition of the supernatant solutions in this case can be varied. 
Author had calcined the crystals and the derivative compounds were 
obtained, and they were characterized by powder XRD only. The EDAX of the 
calcined sample can further be studied and the content of the oxygen can be 
known exactly and hence the formula of the oxide can be derived exactly. 
 Inasmuch as Mn is sensitive to EPR spectroscopy, further scope is 
there to study all the samples by EPR spectroscopy. The VSM analysis of Mn-
Cu tartrate crystals is also possible.  
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